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ABSTRACT 
 
This project is an interdisciplinary, community-based, participatory Ecosystem 
Health investigation with two First Nations in Canada, one located in the far south 
(Walpole Island; WIFN) and one in the far north (Attawapiskat; AttFN), and a large 
Kenyan community surrounding Lake Naivasha. The increased human health risks 
from exposure to three classes of environmental contaminants, persistent organic 
pollutants (POPs), pesticides and metals, and fear from such exposures are 
pressing concerns in each setting. Sensitive analysis of 15 metals in hair, six metals 
and 91 POPs in whole blood or serum of WIFN and AttFN volunteers has been 
conducted. Whole blood samples from volunteers in Naivasha were assayed for 
erythrocyte cholinesterase, a biomarker of exposure to anticholinesterase pesticides. 
Chronic stress was measured in all three communities with the biomarker cortisol in 
hair. The concentration of most of the metals in hair and of POPs in serum of AttFN 
volunteers are higher than at WIFN, possibly as a result of long-range atmospheric 
transport. These data indicate an enhanced risk for adverse health effects at AttFN, 
including Type 2 diabetes. There was no evidence for increased occupational 
exposure to anticholinesterase pesticides in flower farm workers at Naivasha, the 
hub of the floriculture industry in Kenya. We found increased hair cortisol 
concentrations among volunteers from AttFN compared to WIFN, which in turn were 
both higher than volunteers from a non-First Nation community in Canada. There 
were increased hair cortisol concentrations in volunteers from the Kenyan slum 
communities compared to Kenyan clinical team members and our reference group of 
Caucasians in Canada. The cause for this enhanced stress at WIFN, AttFN and in 
the Kenyan settlement communities is probably a combination of the fear of 
exposure to environmental contaminants, socio-economic conditions and poorer 
health. These are considered to be vulnerable populations because they have 
increased exposure to toxic contaminants and increased stress compared to the 
general Canadian population. In all three communities, an understanding of the real, 
current links between exposures to contaminants (through biomonitoring people) 
	  	  	  
	   iii 
and health risks, as opposed to chemophobia, will empower community members to 
make decisions that will benefit their health and reduce stress.  
 
Key words: biomonitoring, community-based participatory research, toxic metals, 
trace metals, mercury, persistent organic pollutants, pesticides, hair cortisol, chronic 
stress, Ecosystem Health 
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1.0 STUDY PURPOSE, HYPOTHESES AND OBJECTIVES 
1.1 Primary Research Question and Study Purpose 
The primary research question was: Are exposures to environmental contaminants 
and chronic stress contributing to adverse human health, and can the relative 
contribution of each be determined? The goal of the research was to investigate the 
relationship between exposures to environmental contaminants and stress in three 
communities: two First Nations in Canada and a settlement (slum) area near Lake 
Naivasha, Kenya.  
1.2 Hypotheses 
1) Members from Walpole Island First Nation (WIFN) will have more hair cortisol 
content, a biomarker of chronic stress, than individuals from London, ON due 
to the socio-economic and health disparities that exist between First Nation 
members and the general Canadian population.  
2) Individuals who reside in the slum settlement communities in Kenya will be 
more stressed (as assessed by higher hair cortisol concentrations) than a 
Caucasian European reference group or young, well-educated and employed 
Kenyan members of the clinical sampling team due to the disadvantages 
(poverty, lack of sanitation, high unemployment) of living in such regions. 
3) Individuals from slum settlements in Kenya who consider their water to be un-
safe will be more stressed than those who do not. 
4) The concentration of methylmercury in hair in volunteers at WIFN will be 
higher than in hair of volunteers at Attawapiskat (AttFN) because of the large 
amount of mercury (400 metric tonnes) released into the St. Clair River 
whereas toxic metals released during large scale mining operations will be 
found at higher concentration in blood and hair from those living at AttFN than 
in those living at WIFN. 
5) Given that historical and current exposures to selected persistent organic 
pollutants (POPs) are reported to be contributing to the increased incidence 
of Type 2 diabetes, we hypothesize that current exposures are sufficient to 
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add to the disease burden of Type 2 diabetes in many First Nations 
communities in Canada. 
6) Volunteers from the AttFN, located in the far north of Canada, will have higher 
body burdens of POPs that undergo long-range atmospheric transport than 
volunteers from the Walpole Island First Nation (WIFN), located in the 
extreme south of Canada. 
7) Volunteers from the AttFN will have a higher concentration of cortisol, a 
biomarker for chronic stress, than will volunteers from the WIFN because of 
their physical separation (remote) from other communities and the harshness 
of their winters. 
8) Being employed by the floriculture industry in Naivasha, Kenya will be a major 
determinant of organophosphate (OP) and carbamate (CM) pesticide 
exposure as assessed by inhibition of acetylcholinesterase (AchE) in red 
blood cells of whole blood. 
9) Due to fear of exposure to pesticides, individuals from settlement 
communities (slums) in Kenya adjacent to large flower farms will be more 
stressed (determined by hair cortisol) than individuals living in settlement 
communities distant from any large scale floriculture activity. 
1.3 Objectives 
This study has the following objectives: 
1) To interpret concentrations of cortisol in hair from volunteers at WIFN and 
AttFN as a biomarker of chronic stress. 
2) To determine cortisol concentrations in hair of volunteers from settlement 
communities in Naivasha (adjacent to flower farms) and a settlement 
community in Mogotio, Kenya (distant from flower farms) as an index of 
psychosocial stress. 
3) To create and administer a health questionnaire in order to obtain information 
on socio-demographic and ecological characteristics such as health, disease 
burden, food and water from volunteers in the settlement (slum) communities 
in Kenya. 
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4) To determine the baseline concentrations of 15 toxic or nutritional metals or 
metalloids in hair (including the organic compound, methylmercury), 6 toxic 
metals in whole blood and 72 persistent organic pollutants (POPs) in serum of 
WIFN and AttFN volunteers. 
5) To compare the concentrations of toxic and nutritional metals and metalloids; 
and POPs between volunteers from WIFN to those from AttFN and to 
compare these values to those found in the literature and in government 
databases from population biomonitoring surveys. 
6) To determine the inhibition of red blood cell AchE activity (as a biomarker of 
exposure to OP and CM pesticides) in whole blood collected from volunteers 
of settlement communities in Naivasha (including flower farms workers) and 
Mogotio, Kenya and to compare them to normal AchE values to determine % 
inhibition.  
1.4 Thesis Structure 
The original research in this thesis is described in five chapters. Seven completed 
manuscripts are included. The work conducted at Walpole Island First Nation 
(WIFN) and Attawapiskat First Nation (AttFN) and in Naivasha, Kenya utilize 
community-based research principles. All three communities approached the 
Western University Ecosystem Health team at the Schulich School of Medicine and 
Dentistry with similar Ecosystem Health concerns and with an interest in partnering 
on the projects presented in this thesis, the reason why these three communities 
were chosen. The relationship with WIFN is well established and has been ongoing 
for many years, whereas the relationship with AttFN and the community in Naivasha 
is more recent.  
Chapter 2 comprehensively discusses background information to this 
research project, to provide the context for the study purpose, hypotheses and 
objectives presented above. In Chapter 3, I investigate the relationship between 
exposure to persistent organic pollutants (POPs) and Type 2 diabetes in a 
systematic review and meta-analysis. Chapter 4 describes the utilization of hair 
cortisol as a biomarker for chronic stress at WIFN and in Naivasha, Kenya. In the 
first manuscript of Chapter 4, hair cortisol concentrations of volunteers from WIFN 
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are compared to a reference group of Caucasian university students from Canada. 
In the second manuscript, hair cortisol concentrations from the slum communities in 
Kenya are compared to two reference groups: Caucasian university students from 
Canada, as well as to a small sample of well-educated, employed Kenyan members 
of our clinical team. 
Results of the biomonitoring studies for concentrations of toxic and nutritional 
metals and metalloids; and POPs in volunteers and in traditional fish and game 
species captured at WIFN is presented in Chapter 5. Due to the excellent nature of 
the partnership with WIFN, we were able to collect and analyze a tremendous 
amount of information, which is why the community of WIFN is the focus of Chapter 
5. For the reference group, we used biomonitoring data from the Canadian Health 
Measures Survey (CHMS), which represents a representative sample of the 
Canadian population. 
The relationship between chronic stress and exposure to environmental 
contaminants is explored in Chapter 6 in all three communities (WIFN, AttFN, and 
Naivasha, Kenya). In the first manuscript of Chapter 6, stress and exposure to 
environmental contaminants are compared between WIFN and AttFN. Stress at both 
First Nations is compared to the reference group of Caucasian university students 
from Canada. Exposure to environmental contaminants at both First Nations is 
compared to a representative sample of the Canadian population from the CHMS. In 
the second manuscript of Chapter 6, stress and exposure to environmental 
contaminants from volunteers from slum communities in Naivasha, Kenya (adjacent 
to the floriculture industry) are compared to the reference group of volunteers from 
slum communities in Mogotio, Kenya (distant from the floriculture industry). 
Conclusions and recommendations for future research are presented at the end of 
each Chapter, and collectively in Chapter 7.  
All data was tested for normality. Where data was found to be normally 
distributed, it is presented as mean (SD) and tested for differences using student’s t-
test or ANOVA. If data was not normally distributed it is presented as median (IQR) 
and differences were tested with the Mann-Whitney U test or Kruskal-Wallis test. 
When data was compared to the CHMS reference group, it is presented as 
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geometric mean (95% C.I.) (how CHMS reports data) and differences were 
determined using the Mann-Whitney U test. Multiple linear regression and 
classification and regression tree analysis (CART) were used to create models that 
predict chronic stress (via hair cortisol concentrations) as well as exposure to 
environmental contaminants.  
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2.0 BACKGROUND INFORMATION 
2.1 Project Background  
This chapter aims to comprehensively cover the elements of this ecological research 
project, in order to provide a context for the research questions and hypothetical 
framework presented in Chapter 1. 
2.1.1 Ecosystem Health  
This research project is founded on the principles of Ecosystem Health, which is the 
study of the interactions between the environment and human health. Ecosystem 
Health recognizes the inextricable links between humans and their biophysical, 
social, and economic environments, and that these links are reflected in the 
population’s state of health. The causal links between environmental change and 
human health are complex as they are often indirect, displaced in space and time, 
and dependent on a number of modifying forces. Humans depend on ecosystems to 
provide services such as food and clean water, flood control as well as for esthetic 
purposes and for recreation. The quality of these ecosystem services can contribute 
to human health. A socio-ecological system is a coherent and resilient system of 
interacting biological and social factors and it can be defined at several spatial, 
temporal and organizational scales (1). There is an increasing recognition that 
problems of human health are embedded in these socio-ecological systems and in 
order to begin to address them, one must investigate the complex interplay between 
the environment, social systems and human health. An Ecosystem Health approach 
thus incorporates theories of socio-ecological complexity with policy-relevant and 
community-based research (2). Ecosystem Health is based on several principles 
including systems thinking, transdisciplinarity and community-based participatory 
research (CBPR) (3). Systems thinking is the study of understanding how complex 
systems and the components therein interact and influence each other as well as the 
environment (4). From an Ecosystem Health context one should consider 
components of ecology, culture, socioeconomics, governance, and human health 
when investigating any system. In order to effectively do this, a transdisciplinary 
approach must be utilized. Traditionally, academic disciplines have worked 
independently. However, in order to achieve a synergistic and comprehensive 
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understanding of Ecosystem Health, the integration of many academic disciplines 
must occur. In an Ecosystem Health approach, research design, data collection and 
problem solving are done collaboratively by researchers from social, medical and 
ecological sciences. Along with academics, members as well as stakeholders from 
the communities of interest contribute to project design and implementation, often 
driving both of these. There is not going to be sustainable change without knowing 
what is appropriate and practical in the communities. Community knowledge has 
historically been abused by researchers, particularly in First Nations communities in 
Canada. “Helicopter research” or “drive-by projects” have traditionally been 
implemented as community-placed projects. Researchers have entered 
communities, collected data they need and left without providing any direct benefits 
or community feedback thus warranting community members’ apprehension and 
fear of outside researchers. For these reasons, CBPR has emerged as a model to 
enhance the relevance of biomedical research by involving community members 
through a collaborative, equitable partnership that is active in all phases of the 
research process (5). The focus of study is on a local, relevant public health 
concern, engaging community partners in research- and decision-making processes 
and fostering co-learning and capacity building. The aim of CBPR is to increase 
knowledge and to translate it into interventions, policy and social change in order to 
improve the health and wellbeing of community members. CBPR fosters the 
development of community-research partnerships, enhancing community capacity 
as well as sparking novel ideas, approaches and solutions. Through combining 
scientific evidence with ethics, CBPR provides communities with the tools to 
advocate for what they need. The three communities of interest described below, 
Walpole Island First Nation and Attawapiskat First Nation, Ontario and Naivasha, 
Kenya, approached our Ecosystem Health team with their environmentally related 
health concerns and invited us to partner on these Ecosystem Health studies. 
2.1.2 Walpole Island First Nation 
Walpole Island First Nation (WIFN; 42°34'11.2"N 82°30'34.8"W), known traditionally 
in Anishinaabe as Bkejwanong, (meaning, "Where the waters divide"), has had a 
direct relationship with its surrounding environment throughout time. The community 
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of approximately 2,500 on reserve members is surrounded by water and relies on 
the St. Clair River for food, water, and for its economic survival (6). Walpole Island 
has been subjected to the effects of both waterborne and airborne pollution for 
several decades because of its physical location, downriver from Sarnia's “Chemical 
Valley”, a petrochemical complex located along the border between Ontario, Canada 
and Michigan, U.S. There are approximately 60 factories and refineries located 
within 25 km of Sarnia and WIFN, with 16 on the U.S. side of the border (7). In 1969, 
mercury (Hg) was discovered in the St. Clair River system and resulted in the 
closure of commercial fishing activities for the decade of the 1970s. Persistent 
environmental contaminants, including an estimated 400 tonnes of Hg that were 
released into the St. Clair River from two now closed chlor-alkaki plants, remain a 
major health concern of Walpole Island residents (8, 9). 
2.1.3 Attawapiskat First Nation 
The Attawapiskat First Nation (AttFN; 52°55'34.0"N 82°25'43.8"W) is located 
approximately 260 km north of Moosonee, near the mouth of the Attawapiskat River 
along the western coast of James Bay. It has an on-reserve population of 
approximately 1,300 (10). This is a remote community with access in winter by air or 
winter road only, and by barge during the summer. Cree hunters and trappers still 
follow a traditional hunting and gathering lifestyle, on or near the Attawapiskat River 
during the summer and winter. They harvest fish and game to feed their families and 
are concerned about bioaccumulation of methylmercury (MeHg) and persistent 
organic pollutants (POPs) in traditional foodstuffs, the quality of their drinking water, 
a significant diesel fuel spill at one of their schools many years ago, and the potential 
of enhanced pollution of their waterways by Hg and other metal contaminants 
because of the development of the large De Beers Victor diamond mine about 90 km 
upstream of their homeland (11). 
2.1.4 Naivasha, Kenya 
Lake Naivasha in Kenya is home to one of the oldest and most successful 
floriculture industries in Africa (12). During the 1980s the floriculture industry 
blossomed around Lake Naivasha with farms now covering more than 4,000 
hectares and employing up to 100,000 people, a majority of whom are believed to be 
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women of reproductive age (13, 14). The floriculture industry is the second largest 
foreign exchange earner in Kenya, grossing approximately 40 billion Kenyan 
Shillings (CDN$425 million) annually (15). Naivasha is also home to a considerable 
fishing and tourism industry and a geothermal electrical plant. These industries may 
be contributing to an increased risk of exposure to environmental contaminants, 
particularly pesticides and fertilizers from the flower farms. There has been a 
tremendous population growth in Naivasha from approximately 44,000 in 1969 to a 
population approaching 400,000 in 2009 (16, 17). This has led to the introduction of 
large unplanned settlements (slums) that lack infrastructure, wastewater and solid 
waste facilities and thus there are increased health concerns due to exposure to 
pathogens, particularly waterborne diseases. It is known that the communities 
surrounding Lake Naivasha are deeply concerned about the negative effects the 
floriculture industry is having on their health. It is apparent that people fear the 
chemicals used in the floriculture industry and are critical of these flowers companies 
for many problems in the Lake Naivasha region including ill health effects, a rapidly 
declining water level and as the cause of a fish kill in February, 2010 (18). Work 
conducted in 1997 by Ohayo-Mitoko and her colleagues assessed exposure to 
pesticides in four communities in Kenya, including one in Naivasha. Inhibition of 
acetylcholinesterase (AchE) was used in order to determine the degree of exposure 
to anticholinesterase pesticides. It was found that of the four communities, Naivasha 
had the greatest inhibition of AchE (36%; 0% inhibition is normal), an indication of 
exposure to organophosphate (OP) and carbamate (CM) pesticides (19, 20). 
However, governmental control surrounding the purchase, use and regulation of 
pesticides has advanced significantly since this study was conducted in the late 
1990s.  
2.1.5 Shared Ecosystem Health Concerns 
All of the research being performed at Walpole Island, at Attawapiskat and at 
Naivasha is a result of stakeholder consultation and represents real community 
concerns. The increased human health risks from exposure to environmental 
contaminants and fear from such exposures are pressing concerns in each 
community. All three communities are located in geographical regions where there is 
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potential increased contaminant exposure from industry. Walpole Island is located 
downstream from Sarnia’s ‘Chemical Valley’ (a hub of petrochemical industry in 
Canada and the U.S.), Attawapiskat is downstream from a large diamond mine, and 
north of heavy mining industries in Timmins and Sudbury, Ontario and the 
communities in Naivasha, Kenya are surrounded by flower farms, and located north 
of large gold mining regions in Tanzania and South Africa. There are subsistence-
based or local agricultural activities occurring in all three communities; and all three 
communities are situated on a large body of freshwater (St. Clair River, Attawapiskat 
River, Lake Naivasha) where the sustainability (including quality, quantity and 
accessibility) of a safe drinking water source is a major concern. Their historical 
reliance on these bodies of water for survival is also a major concern due to the 
emerging impacts of climate change where these communities may be 
disproportionately and adversely affected by. There are real risks from exposure to 
environmental contaminants in which there are documented adverse health 
outcomes (e.g. persistent organic pollutants (POPs) and Type 2 diabetes (T2D); Hg 
and neurotoxicity/neurodevelopment). However, there are also detrimental effects on 
health from the perceived risk of being exposed to chemicals that contribute to 
psychosocial stress that is present in all three communities. The three communities 
also face many socioeconomic and human health disparities. These disparities as 
well as their role as potential sources of psychosocial stress will be discussed further 
in Section 1.2.4, pg. 18. 
2.2 Cortisol 
2.2.1 General Overview 
The body has adapted a nonspecific response to perturbation called stress. The 
stressor can be real or perceived, psychological or physiological (21). The 
hypothalamic-pituitary-adrenal axis (HPA) is an important mediator of the stress 
response (22). The activation of the axis occurs through cortico-limbic circuits that 
relay information to the neurons in the hypothalamus, secreting corticotrophin-
releasing hormone (CRH) and vasopressin, which in turn stimulate the secretion of 
adrenocorticotrophic hormone (ACTH) into the general circulation from the anterior 
lobe of the pituitary gland (22). ACTH then binds to its receptors in the cortex of the 
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adrenal glands, leading to the release of glucocortoids (e.g. cortisol in humans). The 
activation of the HPA axis results in the mobilization of energy to muscles, 
sharpened cognition and enhanced cardiovascular tone (22). The cortisol produced 
in the adrenal cortex inhibits both the hypothalamus and the pituitary gland by a 
negative feedback mechanism. The HPA axis has internal regulatory mechanisms in 
which chronically elevated levels of cortisol can eventually down-regulate the entire 
system and lower levels of cortisol, a condition called “hypocortisolism” (23). 
Cortisol regulates numerous processes such as fat and glucose metabolism, 
blood pressure and immunity and is thus crucial for proper body functioning. It also 
enables the coordination of the functions involved in coping with a stressor (22). 
Efficient coping involves rapid activation of the stress response, as well as 
appropriate termination. In a normal response to a stressor there is increased 
cortisol which can cause a temporary increased availability of energy through 
increased muscle strength, strengthened immunity, better memory function and a 
decreased sensitivity to pain. Typically, the response is terminated through the 
negative feedback-loop mentioned above (22).  
The physiological changes in response to stress serve an adaptive role in 
order to obtain homeostasis, called allostasis (24). Increased activity of one allostatic 
mediator (e.g. cortisol) is termed an allostatic state, and the accumulation of 
dysregulated mediators over time is an allostatic load (24). These dysregulated 
responses can become maladaptive, causing several metabolic and psychological 
health effects, including mobilization of energy reserves and immune system 
suppression. 
The deleterious effects of chronic stress on health, in particular with respect 
to mental illnesses have been vigorously researched in recent years. This includes 
depression, anxiety and mood disorders (25-27). Of note, hair cortisol content has 
been investigated in relation to major depression where levels were reported to be 
increased (28), in bipolar disorder with no significant increase found (29), in anxiety 
disorders and in post-traumatic stress disorder (PTSD) which is characterized by 
decreased hair cortisol content (30-32). Other adverse health effects of allostatic 
loads have been studied including hypertension (33), cardiovascular disease (34, 
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35), obesity (36), T2D (37), chronic obstructive pulmonary disease (38), asthma 
(39), an increased risk of ulcerative colitis (40), reduced fertility (41), poor pregnancy 
outcomes (42) and anxiety disorders (43, 44).  
2.2.2 Analysis of Cortisol 
Biomarkers of acute stress, particularly the measurement of glucocorticoids, are well 
established, with the most common being cortisol. Traditionally, cortisol has been 
measured using liquid chromatography-mass spectrometry (LC-MS) or enzyme-
linked immunoassays (ELISA) in serum, saliva or urine as a biomarker of stress 
(45). However, these matrices have major disadvantages for measuring stress over 
longer periods of time, as they represent only a single point in time. Cortisol levels in 
these matrices are also subject to major physiological-based daily fluctuations and 
thus, in order to characterize long-term stress, multiple samples must be taken 
which is labour intensive for both participants and researchers (45). These 
limitations make it difficult to measure chronic stress in large populations using the 
traditional matrices.  
In serum, cortisol is found both as a bioactive, free molecule, as well as 
bound to proteins. Thus, when there are increases in protein bound cortisol, such as 
during pregnancy or when taking birth control tablets, an increase in cortisol occurs 
when there is no concomitant increase in stress (45). The actual act of having blood 
taken can also be a source of stress and thus, could acutely increase serum cortisol 
levels (46). Although salivary levels of cortisol are not bound to proteins and the 
procedure is less invasive, levels still fluctuate widely throughout the day decreasing 
its value as a matrix to measure systemic stress. Collecting urine over 24 h can be 
used to overcome daily fluctuations, however it is labour intensive (47). 
Hair cortisol content is increasingly being accepted as a validated biomarker 
of chronic stress (32, 48-58). Circulating, lipophilic compounds such as cortisol are 
incorporated into the hair shaft following diffusion from the capillaries that nourish 
the growing hair follicle and can remain trapped inside the hair shaft for hundreds of 
years (59-62). Hair grows on average one cm per month and thus one cm of hair 
represents one month of cortisol exposure. This mitigates the issue of inter- and 
intra-daily cortisol fluctuations, and of great importance to studies such as ours, 
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cortisol production can be documented retrospectively (11-13). Hair samples are 
also easy to collect, transport and store making this an especially attractive matrix.  
Historically, hair analysis has been used extensively to monitor exposure to 
exogenous compounds, particularly drugs of abuse (63). Interest in monitoring 
endogenous compounds, such as cortisol, in hair is more recent. The first study to 
investigate whether glucocorticoids, including cortisol, could be measured in hair 
was conducted by Cirimele in 2000 using high performance liquid chromatography–
ion spray mass spectrometry (HPLC-IS/MS) (64). The first study to utilize the 
enzyme-linked immunosorbent assay (ELISA) method on human hair, showed that 
hair cortisol concentrations were positively correlated with 24h urine sampling, but 
not salivary or serum cortisol, reflective of daily fluctuations (65). Sauvé et al. (2007) 
determined that the optimal region to take the hair sample from is the posterior 
vertex region of the scalp as it has the lowest intra-individual coefficient of variation 
for cortisol levels (65). Current findings also demonstrate that there is intra-individual 
stability in hair cortisol levels (66). These facts highlight the utility of hair cortisol as a 
biomarker of chronic stress. Evidence from several studies shows a direct 
correspondence between hair cortisol levels and physiological conditions that exhibit 
well-defined changes in classical HPA axis activity (e.g. Cushing’s syndrome and 
Addison syndrome) both in animals and humans (55, 67, 68). These data also 
provide strong support for the concept that hair cortisol levels do indeed reflect 
systemic cortisol levels. There are several studies wherein hair cortisol content 
correlates positively with other more traditional matrices used to measure cortisol 
(urine, serum, saliva and feces) (69-71). These and earlier studies demonstrate that 
hair cortisol reflects systemic cortisol, the major reason it is accepted as a validated 
biomarker of chronic stress.  
There is limited research on the effects of the external environment on hair 
cortisol levels including frequency of hair washing, cosmetic treatments, use of hair 
products, and exposure to ultraviolet (UV) radiation. Repeated hair washing in hot 
water and shampoo was reported to decrease cortisol content in hair of rhesus 
monkeys and of humans (65, 72, 73). Hair cortisol content in the rhesus monkeys 
was similar after 20 washes with only water when compared to 20 shampoo washes, 
indicating the decrease on hair cortisol content is likely due to water exposure. 
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Conversely in human hair, there was a significant cortisol decrease in hair washed 
with shampoo compared to hair washed with just water. However, the washing 
procedures in these two studies were equivalent to 3-month and 12-month washing 
equivalents in monkeys and humans, respectively. Considering the most proximal 1 
cm segment is traditionally used for measuring hair cortisol content, the hair would 
have been exposed to a maximum of 1-month washing equivalent and thus the 
effects of hair washing seem not be as dramatic as is presented in these few 
studies. Immersion in water is reported to damage hair structure, which could be 
contributing to the decreases seen in hair cortisol content (74). The study by Li et al. 
(2012) also found that exposure to UV irradiation decreased hair cortisol content 
(73).  
A study by Sauvé et al. (2007) showed that chemically treated hair (i.e. hair 
that has been dyed) had significantly lower hair cortisol concentrations than did 
untreated hair (65). Conversely, Manenschijn et al. (2011) found no significant 
differences in hair that had been treated (i.e. dyed, bleached or permanently 
waved/straightened) or in use of hair products on the day of sample collection (e.g. 
hair spray, mousse, gel or wax) or in frequency of hair washing (68).  
In a study by Keckeis et al. (2012), a small amount of radiolabelled cortisol 
was administered to guinea pigs and its disposition followed (75). It was found that 
most of the administered radioactive cortisol was secreted through feces and that 
only small amounts were incorporated into hair. In fact, most hair cortisol was not 
radioactive. The authors concluded that central cortisol thus did not enter the hair 
shaft. However, this finding is not surprising, as the short in vivo half-life of 
radioactive cortisol used in this study does not allow sufficient time for its disposition 
in hair and so, this study does not prove the source of deposition of cortisol into hair 
of humans. 
Two groups have shown that human hair follicles possess their own HPA 
axis, also known as a “peripheral” HPA axis and that cortisol levels in hair are the 
result of the localized HPA axis activity and not reflective of central responses to 
stress (76-79). While further corroboration on the contribution of the ”peripheral” 
HPA axis activity to hair cortisol is needed, it can be argued that local cortisol 
production by human hair follicles will only marginally influence hair cortisol levels, if 
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at all. First, these studies have used arm and leg hair, structurally different from 
scalp hair. The hair that was shaved off the leg and wrist was not washed prior to 
analyses and thus could have been contaminated by cortisol in sweat or sebum. 
This is reflected in the fact that levels of cortisol detected were particularly, and 
unusually high, reaching levels up to 9,000 ng/g (wheras normal levels in human hair 
range from 46.1 – 225 ng/g (65, 80-83)).  
However, as demonstrated in Ito et al. in 2005, exogenous ACTH influences 
follicular hair cortisol levels, and thus, if follicular-produced cortisol is a dominant 
contributor to hair cortisol content, hair cortisol levels should reflect systemic ACTH 
activity (76). On the other hand, if systemic cortisol is the dominant contributor, hair 
cortisol levels should reflect systemic cortisol activity. Some Cushing’s and Addison 
disease patients can present with a contradictory alteration of ACTH and cortisol 
levels, such as the former condition having undetectable ACTH levels and elevated 
cortisol levels and vice versa in the latter condition. From the studies on Cushing’s 
and Addison disease patients (55, 68), it was found that hair cortisol levels indeed 
follow the aberrant pattern of cortisol and not ACTH, supporting the notion that 
systemic cortisol is the major contributor to hair cortisol content. Also, elevated hair 
cortisol levels are seen during the third trimester of pregnancy, another physiological 
condition associated with increased levels of cortisol in plasma (51, 84).  
There are data that indicate that cortisol concentrations in human hair are 
short-term to the period of a pain stressor (rather than cumulative), and localized 
(i.e. vary according to the stressor localization) (85, 86). These studies support the 
argument that cortisol in hair is a function of localized, temporary, peripheral HPA-
axis activity rather than a cumulative record of relatively static, central HPA axis 
activity. However, a rapid incorporation of cortisol into the hair shaft, as shown in 
these studies, seems inconsistent with known structures of hair such as its barriers 
to diffusion due to its low water and lipid content. Several previous studies utilizing 
segmental analyses of hair have demonstrated that cortisol remains relatively static 
in the hair shaft after deposition. Both of these studies (85, 86) used a very small 
number of participants and are thus not robust enough to constitute conclusive 
findings.  
Increased systemic cortisol has been implicated in the development of 
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numerous health conditions; thus, this biomarker may allow better insight into 
pathogenesis and disease progression. A Canadian study reported that mean hair 
cortisol concentrations were higher in patients with major chronic pain compared to 
non-obese controls (82). Another study by this group found that median hair cortisol 
content in patients with a confirmed acute myocardial infarction was significantly 
higher than in patients whose chest pains were attributed to other causes (81). 
These studies lend strong support to the use of hair cortisol as a biomarker of 
chronic stress, particularly in relation to a health effect. 
2.2.3 Hair Cortisol as a Biomarker of Stress 
The studies utilizing hair cortisol as a biomarker of stress show increased levels in a 
wide range of contexts and situations. There are several recent reviews 
demonstrating the utility and implementation of hair cortisol as a biomarker of stress 
(27, 87-90). A very recent study compared the ELISA methods that four different 
groups use for hair cortisol measurement, including our own, and found that there 
are relative similarities in hair cortisol values from volunteers, and that a quality 
assurance program should be implemented in order to facilitate clinical utility of this 
biomarker (91). 
 Recent studies have investigated predictors and potential confounders of hair 
cortisol content. Feller et al. (2014) determined predictors of adult hair cortisol 
content (N=654) and found cortisol content to be positively associated with sex 
(higher in men), waist-to-hip ratio, smoking, prevalent T2D, mental health, daytime 
sleeping and being unemployed (92). Wosu et al. (2013) performed a systematic 
review (N=39 studies included) and have found that in general, hair cortisol content 
is associated with some psychiatric disorders, medical conditions where there is 
dysregulation of the HPA axis, and lifestyle factors (such as physical activity, 
adiposity, and substance use) (93).  
 Vaghi et al. (2013) found a significant negative correlation between maternal 
and paternal education and their child’s hair cortisol content in a population from 
Vancouver, Canada (N=245) (94). Preschoolers’ hair cortisol was assessed in 
relation to ethnicity, child age, sex and hair zinc levels, parental education and 
income, parenthood (single or two parents) and socioeconomic characteristics of the 
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family’s neighbourhood.  The hair cortisol content of preschoolers whose parents’ 
annual income was < $20,000 was significantly higher than those whose was > 
$20,000. This is sufficient evidence to suggest that low-income, more specifically 
poverty is positively related to children’s hair cortisol content (95).  
 Detterborn et al. (2012) investigated many sociodemographic variables and 
potential confounders (e.g. hair colour, hair washing, age, sex, oral contraceptive 
use and smoking status) of hair cortisol content in a sample population (N=360) (96). 
There was no effect of hair colour, oral contraceptive use, smoking status or hair 
washing on hair cortisol levels. Young children compared to older adults, and men 
compared to women, had significantly higher hair cortisol content. In another study, 
Dettenborn et al. (2010) reported that participants who have been unemployed for a 
long time (N=31) have significantly higher hair cortisol content than employed 
controls (N=28) (97). This was also found in another study where shift work was 
associated with increased hair cortisol content (58). Cortisol content in hair was 
found to be positively associated with body mass index (BMI) in a study by Stalder et 
al. 2012 (98). 
 Hair cortisol content in relation to BMI is particularly important to investigate, as 
dysregulation of the HPA axis is related to obesity and weight gain. Several studies 
including the one mentioned above have found positive relationships between hair 
cortisol content and BMI. In an observational case-control study, Veldhorst et al. 
(2014) examined hair cortisol content in obese children and found increased levels 
when compared to normal-weight children (N=40) (99). This indicates that there is 
dysregulated or long-term activation of the HPA axis in obese children. 
 Obesity and metabolic syndrome are increased in shift workers and this was 
reaffirmed with hair cortisol analysis by Manenschijn et al. (2011) who reported that 
shift (N=33) vs. day (N=89) work in younger adults resulted both in elevated hair 
cortisol concentrations and BMI (58). Stalder et al. (2013) explored levels of cortisol 
in hair (N=1,258) and its relationship to the metabolic syndrome, as exposure to 
glucocorticoids has been known to contribute to its development (100). They found a 
higher prevalence of metabolic syndrome in individuals falling into the 3rd and 4th 
quartiles of hair cortisol content in an adjusted analysis. They also found that hair 
cortisol content positively associated with BMI, waist-to-hip ratio and waist 
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circumference (100). 
 Hair cortisol has been investigated with regards to several adverse health 
effects, where chronic stress is implicated such as in metabolic syndrome previously 
described. Acute stress is recognized as a precipitant of acute myocardial infarction 
(AMI). Pereg et al. (2011) thus investigated the role of chronic stress in AMI and 
found in a case-control study (N=112) that after controlling for other risk factors, hair 
cortisol remained the strongest predictor of AMI (81). Stress has been associated 
with an increased incidence of cardiovascular disease. Pereg et al. (2013) utilized 
hair cortisol and found that this biomarker correlated with severity of heart failure and 
exercise capacity in male patients with a left ventricular ejection fraction (N=44) (83). 
Traditionally, cortisol is measured in patients with heart failure in serum and saliva; 
however, this does not provide a long-term assessment. This study is corroborated 
by a very recent study from Manenschijn and his colleagues which reported that 
higher hair cortisol levels in an elderly population are associated with an increased 
risk of cardiovascular disease and T2D (N=283) (101). 
 The relationship between hair cortisol content and mental health disorders has 
been intensely investigated with mixed results, depending on the disorder of study. 
These findings will be critical in determining whether HPA axis over-activity is 
associated with health consequences in psychiatric disorders. Depression has been 
linked to increased cortisol concentrations using the traditional matrices of urine, 
blood and saliva. Dettenborn et al. (2012) confirmed this utilizing hair cortisol, with 
depressed patients having significantly higher hair cortisol than healthy controls 
(102).  On the other hand, Gerber et al. (2013) found that university students (N=42) 
who reported fewer depressive symptoms had elevated hair cortisol levels (103). 
However, university exams and tests could be a possible confounder of this 
increased hair cortisol content. Analysis of hair cortisol was utilized in an African 
population that found that participants (N=10) with PTSD had higher hair cortisol 
content than those of traumatized controls (N=17) from a civil war area in Uganda 
(32). On the other hand, Steudte et al. (2013) reported that patients with PTSD 
(N=28) and traumatized controls (N=27) had significantly lower hair cortisol content 
than non-traumatized controls (N=32) (104). The differences seen between these 
studies could be because those participants with PTSD and traumatized controls 
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had relatively recent traumatization when compared to the non-traumatized controls. 
The hair cortisol content in the former groups could be initially elevated after 
traumatization and have not yet reverted to hypocortisolism as in the latter group 
(non-traumatized controls). The African study did not recruit a non-traumatized 
control group, thus it remains unknown how this group would have compared to the 
PTSD and traumatized control groups. There was no significant difference in hair 
cortisol content between patients with bipolar disorder (N=100) compared to healthy 
controls (N=195), nor associated with the disease state at the time of sample 
collection. However, those who had a late onset of bipolar disorder (N=29) had 
significantly higher levels, as well as those participants who had a comorbid 
psychiatric disorder (N=42) (29). Participants with generalized anxiety disorder had 
significantly lower levels of hair cortisol compared to age- and gender-matched 
controls (N=30), which differs from previous research that found hypercortisolism 
using traditional matrices of cortisol measurement (salivary, plasma or urinary) (30). 
This could reflect the phenonmenon of hypocortisolism that occurs during chronic 
stress that would not be captured in the traditional matrices of cortisol measurement.  
 Gow et al. (2011) studied a population (N=93) with adrenal insufficiency and 
showed that male patients had significantly higher hair cortisol than controls, but not 
females (105). Hair cortisol content correlated with hydrocortisone dose, perhaps 
indicating over-treatment and placing patients at increased risk for the adverse 
effects of elevated cortisol. Manenschijn et al. (2012) investigated the relationship 
between hair cortisol levels and nasal carriage of Staphylococcus aureus, whereby 
the persistent carrier state is associated with increased risk for infection and found 
no relationship (106).  
 There is increased HPA axis activity during pregnancy; concomitantly, this can 
also be a stressful period in a woman’s life. High maternal stress should be a source 
of serious concern as cortisol can cross the placenta and maternal physiology plays 
a significant role in fetal, infant and child development (107, 108).	   In the first proof-
of-concept study in humans, Kirschbaum et al. 2009 determined hair cortisol levels 
in mothers with a neonate (<3 months; N=103), mothers with a toddler (3-9 months; 
N=19) and non-pregnant women with neither a neonate nor toddler (control women; 
N=20) (51). Hair cortisol levels in women with a neonate were two-fold greater than 
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controls, reflecting increased cortisol during the last trimester of pregnancy. Age, 
colour and curvature of hair, and hair washing were not associated with hair cortisol 
content. D’Anna-Hernandez et al. (2011) measured maternal hair cortisol 
concentrations (N=21) at each trimester and 3 months post-partum, comparing these 
data to salivary cortisol levels (109). Cortisol levels in both matrices (hair and saliva) 
increased during pregnancy, and hair cortisol levels correlated with diurnal salivary 
cortisol area under the curve. In a pilot study, Kalra et al. (2007) found that hair 
cortisol content of pregnant women (N=25) is correlated with measures of perceived 
stress using the perceived stress scale (PSS) (84). 
 Karlen et al. (2013) examined maternal influence on the child’s (N=100) HPA 
axis using hair cortisol as a biomarker of prolonged stress, during pregnancy and 
subsequently at years 1, 3, 5 and 8 (110). Their results showed that during the 
second and third trimester, and at year 1 and 3 maternal and child hair 
concentrations correlated suggesting that perhaps there is a heritable trait or 
maternal calibration of the child’s HPA axis. These researchers also found hair 
cortisol content decreased over time and positive associations between hair cortisol 
content and birth weight, inappropriate size for gestational age and living in an 
apartment compared to a house. 
 Yamada et al. (2007) reported no significant differences in hair cortisol content 
between preterm (N=38) and term infants (N=22) in a neonatal intensive care unit 
(NICU) (111). Hospitalized infants had significantly higher hair cortisol when 
compared to a group of healthy, term infants. The number of days that term infants 
were on the ventilator in the NICU positively associated with hair cortisol levels. 
Palmer et al. (2013) assessed chronic stress using hair cortisol in a sample of 297 
American 1-year olds and found higher cortisol levels in Black Americans compared 
to White Americans (112). Hair cortisol levels were positively associated with higher 
parenting stress, less maternal depression, lower birth weight and greater length. 
This study highlights the complex relationship between maternal characteristics such 
as parenting stress and depression and the effect’s on the child’s HPA axis. 
 Differences in hair cortisol content were also investigated with regard to a 
stressful event, or a stressful period in a person’s life. Hair cortisol content was 
measured in female adolescents with (N=32) and without (N=32) PTSD after the 
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2008 Wenchuan earthquake in China (31). Hair was also collected from a control 
group removed geographically from the earthquake (N=20). Prior to the event, there 
were no significant differences in hair cortisol content between the three groups. 
Subsequently, participants both with and without PTSD have significantly higher 
levels than the control group. Those without PTSD had significantly elevated cortisol 
levels than those with PTSD. Another study on the Wenchuan earthquake showed 
that male adult survivors (N=12) had significantly higher hair cortisol content than the 
control group (N=23) (113). 
 Faresjo et al. (2013) compared hair cortisol levels and perceived stress among 
young Greek adults (N=124) where there are extensive concerns from the financial 
crisis, compared to those living in Sweden (N=112), where the effects were much 
less pronounced (114). The Greeks had higher perceived stress, symptoms of 
depression and anxiety than the Swedes, but had significantly lower hair cortisol. 
This could indicate that chronic stress exposure could lead to decreased cortisol 
levels, and hence a depressed HPA axis. 
 Andersen et al. (2013) studied a group of American university undergraduates 
who were indirectly or directly exposed to 14 peer deaths (115). Twenty-four 
participants provided hair samples to measure cortisol content during the 3 months 
after the final death; participants with no prior bereavements had higher hair cortisol 
than those with 1 or 2 prior bereavements. Groeneveld et al. (2013) tested children’s 
hair cortisol content when first beginning school (N=42) and found they had 
significantly higher levels than before starting school, particularly in fearful children 
(116). Karlen et al. (2011) conducted a pilot study and found that hair cortisol levels 
in university students (N=99) were significantly related to serious life events, and 
weakly to perceived stress (117). The serious life events included examples such as 
death of a close relative, serious illness or divorce, and left the response open-
ended for the participant to complete. The authors thus did not investigate or report 
university exams as a contributor to serious life events, although these could have 
been listed in the questionnaire response. The influence of university exams has on 
student stress should be examined. 
 Chronic stress in people who are addicted to drugs was also investigated with 
hair cortisol content. In a study by Grassi-Oliveira et al. (2012) chronic stress was 
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measured in crack cocaine users (N=23) prior to admission to a detoxification 
program using hair cortisol (118). There was a positive association between hair 
cortisol content and the number of stressful events reported by women receiving 
inpatient treatment for crack cocaine dependence. Parrott et al. (2014) studied levels 
of hair cortisol in users of 3,4-methylenedioxy-N-methylamphetamine (MDMA; 
Ecstasy or Molly) (N=101) compared to non-user controls (N=54) (119). Recent, 
heavy users of MDMA had significantly higher hair cortisol than recent, light MDMA 
users or non-users. The authors point out that these results could be related to the 
neurocognitive and psychiatric problems of some abstinent users. Another study 
reported higher hair cortisol content in alcoholics in acute withdrawal than in those of 
abstinent alcoholics (120). 
 A factor that could be contributing to hair cortisol levels that was investigated in 
our research group is the deposition of cortisol on to hair from sweat. Russell et al. 
(2014) noted that human sweat contains comparable cortisol concentrations to 
saliva, and that washing hair with isopropanol did not impact its cortisol content (90). 
Thus, sweating could increase hair cortisol and should be considered in studies of 
hair cortisol. However, the fact that it correlates with salivary levels, a marker of 
systemic cortisol production is an indication that sweat could also be a marker of 
systemic cortisol. Skoluda et al. (2012) examined hair cortisol of endurance athletes 
(N=304) who were found to have higher hair cortisol content than controls (121). 
Positive correlations were found between cortisol concentration and indicators of 
training volume. Gerber et al. (2013) found that vigourous, but not moderate physical 
activity is correlated with hair cortisol content after control for age and sex (N=46) 
(122). Physical activity should be considered when measuring hair cortisol as a 
biomarker of chronic stress. 
 Examining hair cortisol is not only important to the current field of health and 
wellbeing; it could also shed light on ancient life histories. Hair has been previously 
used in archaeological contexts in order to determine diet (123) and drug use (124). 
Webb et al. (2010) determined that cortisol is also preserved in archaeological hair 
from 10 Peruvian individuals (125). Although many external factors could be 
influencing the levels of hair cortisol, Webb et al. showed that cortisol is indeed 
retained within the hair for centuries, and that patterns of change along the hair shaft 
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can be detected. This is an exciting finding showing that hair cortisol analysis can 
contribute to the study of health, diet and social behaviour from prehistoric and 
historic contexts. 
 Personal and cultural factors may shape stress through differences in 
socioeconomic status and in the perception of stressors. Examination of hair cortisol 
content may also shed light on factors that are contributing to chronic stress in 
community-based studies, the reason this analysis is so important for my studies 
and conclusions. 
2.2.4 Sources of Stress 
2.2.4.1 First Nations in Canada 
Many members of First Nations communities in Canada are experiencing stress 
related to socio-economic factors, a higher incidence of chronic diseases, the state 
of the environment, and cultural oppression (126). There are consistent health and 
socio-economic disparities that exist between First Nations and the rest of the non-
Aboriginal, Canadian population. A report conducted by Health Canada entitled A 
Statistical Profile on the Health of First Nations in Canada: Determinants of Health 
1999-2003 describes the non-medical determinants of health among on-reserve 
First Nations communities across Canada (126). This report highlighted many 
statistics describing socio-economic factors that adversely impact First Nation 
communities including unemployment, lack of education, and poor housing. 
According to this report (2001), the unemployment rate for registered, on-reserve 
First Nations is four times higher (27.7%), than the general Canadian population 
(7.3%). Many previous studies utilizing other matrices for analysis of cortisol 
secretion (saliva, serum, plasma or urine) have found a positive relationship 
between increased cortisol secretion and lower income (17-21). The proportion of 
on-reserve First Nations who complete high school by the age of 20 is 36%, 
compared to 85% in the equivalent general Canadian population. On reserve-
households below the Canada Mortgage and Housing Corporation (CMHC) 
adequacy standard are 10-fold higher than general, off-reserve housing (22.4% 
compared to 2.0%) (126). Higher incidences of substance abuse and drug 
overdoses, premature fatalities, family violence, poverty, poor birth outcomes, 
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depression, suicidal ideation, death from alcoholism, homicide and suicide are all 
also evident in First Nation communities (126-132). 
In addition, many chronic diseases are found at higher incidences in First 
Nations when compared to the rest of the Canadian population (133). Approximately 
one third of Aboriginals in Canada (i.e. First Nations, Métis and Inuit) aged 15 and 
older have been diagnosed with a chronic health problem (132). T2D is currently 3- 
to 5-fold more prevalent in First Nation communities and its incidence is increasing 
(134, 135). According to BMI standards, 73% of on-reserve First Nations members 
are overweight (vs. 48% of general Canadians) (126). Historically, First Nations have 
had lower cancer incidences when compared to non-Aboriginal populations, 
however there is evidence that the future cancer burden in First Nations will be high 
(136).  
First Nation communities have a long and deep tie to the land and are thus, 
more directly impacted by the state of the environment than most Canadians. The 
traditional philosophy of First Nations communities is based on the idea that 
everything and everyone is interconnected. The inextricable links between the health 
of people and the health of the environment is recognized and respected. It is 
thought that a loss of land (both by displacement of communities, and by 
contamination of resources) greatly contributes to culture stress (137). In many First 
Nations communities there is, or there is a perception of a deteriorating environment. 
Unfortunately, in many of these communities both are true. This has contributed to a 
loss of tradition, culture and change from traditional diet in some First Nations 
communities and has impacted negatively health risks and risks to the local 
economy. At least one quarter of all First Nations housing units have a water supply 
that is inadequate due to health requirements or supply (126). It was reported that a 
majority of participants in a First Nation community responded that environmental 
issues are of equal importance to social concerns (11). In a study by Richmond and 
Ross, Community Health Representatives and Academics from rural First Nations 
communities stated that decreased environmental resources and/or access to these 
resources contribute to life imbalance, a loss of life control and act as a negative 
influence on social life (138). This illustrates the magnitude of importance First 
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Nations communities place on the health of their environment and how its 
deterioration acts as a stressor for many in these communities.  
First Nations communities in Canada have experienced massive disruption 
and alteration of their traditional lifestyle, including cultural oppression and forced 
assimilation through the implementation of residential schools. From 1892 until 
1996, when the last residential school was shut down, Aboriginal children were 
removed from their families and communities and sent to church- or government-run 
schools. It has been well documented that this loss of culture, language, tradition, 
family bonding and ties to Elders has manifested in poor socio-economic outcomes, 
such as suicidal thoughts and attempts, a history of physical and mental abuse and 
depressive symptoms in both residential school survivors, and in subsequent 
generations (139, 140).  
Stress is often hypothesized as a key determinant of poor health in Aboriginal 
populations (141), however little research has explored this concept. The few studies 
examining chronic stress and/or cortisol content in any Aboriginal community 
worldwide have all found increased cortisol levels in the Aboriginal community 
compared to the general population. Poa and colleagues examined the relationship 
between insulin resistance and antipsychotic medication in an indigenous Maori 
population in New Zealand and found that the indigenous group had significantly 
higher levels of both insulin resistance and plasma cortisol compared to healthy, 
age-, sex-, and BMI-matched controls (142). Similar to Canada, T2D is more 
prevalent in this indigenous New Zealand population compared to the general 
European population. The authors propose that the HPA axis and increased cortisol 
may play a key role in development of insulin resistance. Australian Aboriginals had 
significantly higher levels of urinary cortisol than a sample of residents from Oxford, 
United Kingdom (143). American First Nation women from a Northern Plains 
reservation with a lifetime diagnosis of PTSD had elevated salivary cortisol 
concentrations, but similar diurnal patterns to matched female controls without PTSD 
(144). Of note, Daniel et al. found that concentrations of glycated hemoglobin, an 
indicator of psychogenic stress, were significantly higher (18.2% greater) in the 
indigenous groups (Australian Aborigines, Torres Strait Islanders and First Nations 
in Canada) than for the non-indigenous groups (Greek migrants and Caucasian 
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Australians) (145). The authors suggest that at the population level poor conditions 
associated with westernization may be biologically stressful for indigenous 
populations. Our current study (Chapter 4) is the first known study comparing hair 
cortisol content of two distinct cultural First Nations communities.  
  2.2.4.2 Naivasha, Kenya 
Individuals in Naivasha, Kenya are known to be concerned about their health, 
especially the health of their children and grandchildren, poverty, access to clean 
and safe drinking water as well as to the potential health risks resulting from 
exposure to environmental contaminants, particularly pesticides. There are many 
local and international news reports featuring Lake Naivasha with dire and 
exaggerated information. These have contributed greatly to the negative perception 
surrounding the floriculture industry in Naivasha. Media have blamed the floriculture 
industry, particularly its use of pesticides, both for the health problems seen in 
Naivasha and the ecological issues plaguing Lake Naivasha. In 2008, the United 
Nations classified this region as one of the world’s 204 Environmental Change 
Hotspots (146). There is now an international focus on Lake Naivasha with many 
research groups investigating its problems. 
Due to a rapid influx of migrants to Naivasha to look for work in the floriculture 
and other industries, there has been a tremendous population boom causing the 
introduction of massive unplanned settlements (slums) which lack infrastructure, 
waste water and solid waste treatment facilities and are overcrowded (16, 17). This 
has resulted in increased health concerns because of waterborne diseases including 
typhoid and cholera. There are many real health concerns in Naivasha, Kenya. The 
infectious disease, malaria, is found to be the most commonly reported diagnosis for 
both males and females in Naivasha, accounting for 31% and 36% of the medical 
records surveyed, respectively. This is not surprising as malaria is a leading cause 
of morbidity and mortality in Kenya, accounting for 30-50% of Kenya’s outpatient 
visits and 20% of hospital admissions (147). The occurrence of respiratory diseases, 
which include diagnoses for bronchitis, respiratory tract infections and asthma, 
followed malaria at 30% and 27% frequency in males and females, respectively. 
Again, this is in line with trends seen in the rest of the country. The Centers for 
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Disease Control and Prevention (CDC) reports that the second highest cause of 
death (10%) in Kenya is attributed to lower respiratory infections (148).  
Naivasha has a concentrated population of female sex workers (FSW) due to 
the large number of truck drivers, migrant and seasonal workers in the floriculture 
industry. Naivasha is a main truck stop along the East Africa Transport Corridor 
linking Mombasa, Kenya to Kampala, Uganda (149). The prevalence of HIV in 
Kenyan FSW is much greater than the Kenyan general population, with estimates 
between 24 and  47%, compared to 7% (150-153). A study conducted by Okal and 
colleagues in 2011 found that FSW also face violence from both clients and law 
enforcement agencies on top of risks of HIV and Sexually Transmitted Diseases 
(149).  
Largely due to the floriculture industry, with people coming from all over the 
country looking for jobs, Naivasha is a mixed tribal community with a large 
population of white expatriates which creates a lot of strain in the communities (154, 
155). Although people may be migrating to Naivasha for job opportunities and a 
better livelihood, these are not always available. This creates tension in the 
communities in Naivasha and puts increased pressure on an already weak 
infrastructure. Subsequent to the controversial 2007 Presidential elections in Kenya, 
the settlement communities in Naivasha, particularly Karagita, were some of the 
areas hit hardest by intertribal clashes, including murder (156). 
There are patriarchal cultural norms that are pervasive in the communities in 
Kenya. Women are often responsible for both productive tasks such as running a 
household, caring for children, collecting water, gathering firewood, food production 
as well as their reproductive roles. Consequently, Kenyan women typically perform 
the largest share of labour (12, 157). In addition to assuming productive and 
reproductive roles, many women also undertake formal work outside the home, 
particularly in the floriculture industry in Naivasha. Women are often responsible for 
the most labour intensive roles in the flower farm such as picking, packing and 
ensuring cosmetic quality due to their dexterity, eye for quality and speed (12, 158). 
As with First Nations in Canada, the role of stress as a determinant of health in sub-
Saharan African populations including Kenya, has been seldom explored. 
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2.3 Toxic Metals 
Exposure to toxic metals such as arsenic (As), lead (Pb), cadmium (Cd) and 
mercury (Hg) can occur naturally, however exposure also occurs as a consequence 
of human activity. For public health reasons, it is imperative to determine the extent 
of exposures to toxic metals in order to identify risks as well as to identify where 
intervention strategies may be needed. There is a growing awareness and concern 
surrounding exposures to toxic metals and their impacts on human health.  
Biomonitoring of toxic metals is critical in determining the degree of exposure 
of a population, as well as to establish any potential for health risk. Human 
biomonitoring is the process by which chemicals are measured in human tissues 
and specimens and is an important tool to investigate exposure to stable 
environmental contaminants, particularly in relation to health effects. It is especially 
important to track trends of exposure over time, to compare current levels to those in 
the literature and to other populations, to support future developments for 
establishing potential links between body burdens of toxic metals and health 
outcomes. Most notably, biomonitoring can provide information to protect members 
of the community in particular susceptible populations such as women and children 
from exposure to contaminants and subsequently to evaluate the effects of any 
interventions on a health outcome. Recently, it has become possible to measure 
very low amounts of contaminants in biological samples with sensitivity and 
specificity at trace concentrations that are below those of any known toxicological 
concern. It should be noted that the detection of a chemical in the environment or at 
ppb concentrations in blood, milk or urine of an individual does not necessarily 
indicate that there will be a health impact. There is inter-individual variability with 
how a contaminant behaves in a body (toxicokinetics) and this cannot be accounted 
for when interpreting grouped biomonitoring data. Biomonitoring cannot tell us the 
source or route of exposure of the toxic metal; it is the sum of different exposure 
types and routes (e.g. air, food, water and consumer products; inhalation, ingestion 
and dermal uptake) reflecting an individual’s systemic exposure to a contaminant or 
group of closely related contaminants.  
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We elected to focus on four metals known to be toxic at sufficient dose: As, 
Cd, Pb and Hg which have known health outcomes from exposure, where there is 
community concern surrounding exposure, and/or where there is an intervention that 
if implemented reduces exposure. These 4 metals have been ranked among the top 
10 toxic substances by the U.S. Agency for Toxic Substances and Disease Registry 
(ATSDR) (159). Exposure to each of these metals has been linked to the production 
of reactive oxygen species (ROS) (160), which are known to lead to increased lipid 
peroxidation, DNA damage and altered Ca2+ homeostasis (161). Involvement of the 
production of ROS in the carcinogenesis of toxic metals has been thoroughly studied 
and is an important known mechanism of their toxicity (162, 163).  
 2.3.1 Arsenic 
2.3.1.1 General Overview and Sources of Exposure 
Arsenic (As) is a naturally occurring element that is widely distributed in the earth's 
crust and readily enters the environment. Most As ends up in soil and sediment and 
it attaches to small soil particles that remain in the air, and travel long distances. 
Many As compounds can dissolve in water, and thus can also be carried along in 
this medium. Less toxic organic forms of As are bioaccumulated by fish. The major 
source of As exposure for humans is from consumption of seafood, followed by rice 
(164) but it is also present in other contaminated food, drinking water and in air so 
that exposure is inevitable. Inorganic As is excreted from the body after a couple of 
days through urine, however some may remain for months or even longer. Most 
organic As is excreted via urine within days of exposure (164). 
Arsenic is toxic at high levels though the degree of toxicity is dependent on its 
chemical form or species. Arsenic in water that is taken up by plants is in the most 
toxic form (mainly inorganic), whereas As in seafood (mainly organic) including fish 
is considerably less toxic (165). In the environment, As is combined with oxygen, 
chlorine and/or sulfur to form inorganic compounds. Inorganic As compounds are 
used primarily to preserve wood, although they are no longer permitted for 
residential use in the U.S. because of their toxicity, they are still used industrially. 
Inorganic As was previously used as a pesticide but it is no longer allowed for use 
for this purpose in agriculture. Inorganic As occurs in copper or lead ores and As is 
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released to air as dust when these are heated in smelters. As in animals and plants 
combines with carbon and hydrogen to form organic As compounds.  Organic As 
compounds are still used as pesticides, primarily on cotton plants (164). In the 
majority of the biomonitoring studies, total As is measured in the absence of 
speciation, however the latter provides important information about the source of As 
exposure, as well as potential health effects.  
Above average exposure to As occurs in regions of the world where there are 
high levels of As in the rock, leading to increased levels in water, soil and/or food. 
Arsenic is also found in regions where there is a hazardous waste site or where As 
was previously used as a pesticide on crops. Occupational exposures, such as in 
smelting, wood treating or pesticide spraying can also lead to enhanced levels of As 
in workers. Children, who often explore their environment with their mouths, are at 
risk for increased exposure to As through the ingestion of contaminated soil, or 
carry-home residues from parents’ occupational exposures (164).  
The mechanism of toxicity of As is not precisely known in all cases, however 
several hypotheses have been proposed. The metabolism of As (via reduction to a 
trivalent state and oxidative methylation to a pentavalent state) plays an important 
role in its toxicity (166). Biochemically, in the trivalent state (arsenite) it reacts with 
thiol groups in proteins, thus inhibiting their activity (167). In its pentavalent state 
(arsenate), inorganic As may substitute for phosphate in several reactions (168). 
The acute toxicity of As is dependent on its chemical form and oxidation state, with 
trivalent As being generally more toxic than pentavalent. Inorganic As affects many 
systems of the body. Although its mechanism of action as a carcinogen is not yet 
precisely known, many have been proposed including genotoxicity, cell proliferation, 
alterations in DNA repair, oxidative stress and tumour promotion (reviewed in (169)). 
There are significant regulations that have been implemented to restrict 
exposure to As. The Agency for Toxic Substances and Disease Registry (ATSDR) 
has set an acute-duration oral maximum residue limit (MRL) for inorganic As of 
0.005 mg As/kg/day based on 0.05 mg As/kg/day for gastrointestinal effects and 
facial edema in a Japanese population who ingested soy sauce contaminated with 
As, and an uncertainty factor of 10 (164). ATSDR as well as the U.S. Environmental 
Protection Agency (EPA) have set a chronic-duration oral MRL of 0.0003 mg/kg/day 
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for inorganic As based on a no observable adverse effect level (NOAEL) of 0.0008 
mg As/kg/day for dermal effects in a Taiwanese farming population exposed to As in 
well water (170, 171), and an uncertainty factor of 3 (164). Health Canada, EPA, 
World Health Organization (WHO) and the U.S. Food and Drug Administration (FDA) 
have set drinking water standards for maximum As concentrations of 10 parts per 
billion (ppb) (172-175). Ten ppb is the level of concern for inorganic As levels in 
juices, recently set by the FDA (174). There are no reported regulation values for 
organic As.  
In many regions of the world, particularly in Bangladesh, millions of people 
are drinking water containing more than 10 ppb, the level set by these agencies, and 
this exposure is causing widespread As poisoning. The harmful As is primarily of 
natural origin, transitioning from the sediment to the groundwater. A majority of the 
studies investigating exposure to As examine areas of the world where there are 
high levels of As in the environment, particularly in the water supply – a major 
international public health issue. However, it is more recently seen that there is more 
attention in the literature to background levels of As in the general population and 
any adverse health impacts. 
2.3.1.2 Health Effects of As 
Chronic exposure to As has been linked to health conditions including heart and liver 
disease, skin, lung and bladder cancer and gestational diabetes (176-183). High 
levels of As in drinking water in areas of the world such as Bangladesh, Taiwan and 
Mexico also have been linked to an increased incidence of T2D (184-186). Exposure 
to As is implicated in several cancers as well as cardiovascular, neurological, renal, 
reproductive and dermal disorders (187, 188).  
A recent systematic review and meta-analysis examining all of the studies 
looking at the relationship between hypertension and As exposure (a majority of the 
studies investigated moderate-to-high As levels in water (i.e. >50 ppb) found a 
positive association and a trend toward dose-dependency (189). A dose-response 
relationship was observed in two recent studies investigating increasing As body 
burdens (in As endemic areas of the world) and the incidence of hypertension and 
cardiovascular mortality (190, 191). Conversely, a study looking at As exposure 
	  	  
32	  
levels (median urinary As level = 8.3 µg/L), more typical of the general Canadian 
population As levels in urine (Canadian Health Measures Survey (CHMS); geometric 
mean urinary As level = 12.0 µg/L (192)), did not find a positive association with the 
prevalence of hypertension (193). The 2007/08 Health Effects of Arsenic 
Longitudinal Study in Bangladesh (an area of high arsenic exposure) demonstrated 
that vascular inflammation and endothelial dysfunction are possible mechanisms 
underlying the relationship between As exposure and negative cardiovascular 
outcomes (194).  
Over the last decade studies have positively associated consumption of 
drinking water containing elevated levels of As with an increased incidence of T2D in 
several different countries (184-186, 195). A recent study investigating the 
relationship between As exposure and the prevalence of T2D in Bangladesh found 
an increased risk for T2D for blood As levels greater than 50 ppb; with those in the 
highest dose category having almost double the risk. A dose-response relationship 
was observed and those with the longest duration of As exposure were also at the 
highest risk (196). This relationship between T2D and high As exposures has seen 
contradictory results with some studies finding no relationship at all and thus, the 
question merits further investigation (197).  
One study conducted in pregnant women found that relatively low mean As 
concentrations in blood and hair of 1.7 ppb and 27.4 ppb, respectively were 
significantly associated with an increased risk for gestational diabetes (183). There 
has been a recent growing interest (and controversy) surrounding low-level As 
exposures and any contribution to an increased incidence of T2D (198-203).  
Arsenic exposure is also implicated in dermal disorders, with dermal lesions 
seen at high-level exposures in cases of As poisoning (204). Of note, relatively low 
levels of blood As levels (i.e. < 100 ppb) were associated with increased incidence of 
skin lesions in the Health Effects of Arsenic Longitudinal Study (HEALS) (205) and 
these lesions were found in significantly greater numbers in patients with psoriasis 
relative to controls (206).  
Another dose-response relationship was found in a study in Bangladesh 
between exposure to As and clinical symptoms of respiratory disease, even at a low 
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to moderate dose range and these associations did not differ according to smoking 
status (207).  
Arsenic is a known carcinogen, as reported in two recent case-control studies 
demonstrating relationships with two different types of cancer (208). The first study 
found significantly higher concentrations of As (in hair and in nails) in patients with 
blood cancer in a population in West Bengal, India, one of the worst As-affected 
areas of the world (209). Mean hair As levels in the case group were 1,087 ppb vs 
310 ppb in the control. The other case-control study showed blood and hair As levels 
were two-fold higher in exposed male patients suffering from liver cancer (9.32 ppm 
and 6.42 ppm, respectively) compared to non-exposed case matched subjects with 
cancer (3.84 ppm and 3.14 ppm, respectively) (210). A dose-response relationship 
also occurs between As exposure and serum hepatic enzyme activity, probably 
providing evidence for As-induced liver toxicity (211). 
2.3.2 Lead 
2.3.2.1 General Overview and Sources of Exposure 
Pb occurs naturally in the environment, however most of the high levels found in the 
environment are due to human activities. Exposure to Pb occurs from eating 
contaminated food or drinking water, or breathing air-containing Pb (212). Pb sticks 
strongly to soil particles and if the particles are small enough, it can travel long 
distances in the atmosphere. It is then removed from the air by rain eventually 
depositing into water or onto land. Pb enters the water system from Pb plumbing in 
older houses and public buildings. Pb is also released into air from industry, 
volcanoes, combustion of leaded gasoline and cigarette smoke (212). Pb is 
minimally transferred through skin. Increased Pb exposure occurs in some 
occupations such as smelting, refining, rubber and plastic industries, steel welding, 
battery manufacturing and operation of municipal waste incinerators. Homes that 
have older, cheaper Pb containing paints are an important source of exposure in 
children if the paint chips off and is ingested. Also, increased Pb exposure could 
occur where arsenate pesticides were previously used (212). 
Levels of Pb in blood of Canadians have decreased substantially since the 
1970s due to the phasing out of Pb-based products such as gasoline, paint and 
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solder in cans (213). However, Pb is still found ubiquitously in our environment due 
to natural sources and anthropogenic activities (192). Although Pb levels in blood 
have decreased significantly, there are still areas where Pb exposure is important to 
investigate; particularly as Pb levels vary by socio-economic status (214-216).  In the 
North American population mean blood Pb levels are also on the decline. This can 
be seen by examining the geometric mean blood Pb levels measured in the U.S. 
National Health and Nutrition Examination Survey (NHANES) databases over the 
years: from 276 ppm in 1988-1994, to 16.4 ppm in 1999-2002 and 14.3 ppm in the 
most recent survey (2003/2004) (217-219). In Taiwan, mean blood Pb levels fell 
from 201.4 to 30 ppm after phasing out leaded gasoline. Wu et al. found a significant 
correlation between this decrease in leaded gasoline emissions and declines in 
standardized mortality ratios of cerebrovascular disease, nephrosis, and all-cause 
mortality (after taking into account confounders) (220). Clearly, this impressive 
decline of Pb body burdens is a substantial advance for public health and in 
decreasing overt toxicities, however, an accumulating body of research is 
discovering health impacts associated with lower levels of Pb exposure; levels that 
still fall below existing regulatory limits. The relatively low mean blood Pb levels 
found in the general Canadian and U.S. populations (as reflected in the CHMS and 
NHANES databases (192, 219)) perhaps mask higher risks faced by certain groups 
within these populations.  
It is important to note that measuring a single blood Pb concentration does 
not reflect a cumulative dose. Of the Pb circulating in the blood, 90 to 95% is 
deposited in bone indicating that the burden of stored Pb increases throughout life 
(221). During times of bone resorption (e.g. pregnancy, lactation, menopause and 
aging), Pb can re-enter the blood. Indeed, a study found that women, who had no 
history of occupational exposure to Pb, and were postmenopausal, had significantly 
higher blood levels of Pb compared to premenopausal women (222). Pb that is not 
stored eventually leaves the body in urine or feces. Ninety-nine percent of Pb taken 
in by an adult will leave the body within a couple weeks. However this value is only 
32% for children, making Pb exposure a lot more complex and detrimental for 
children (212). 
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As with the other metals discussed, the mechanism of toxicity of Pb is not 
fully understood. Evidence points to inhibition of heme synthesis enzymes, anti-
oxidants and other enzymes such as superoxide dismutase, catalase, glutathione 
peroxidase and glucose 6-phosphate dehydrogenase by Pb, inducing the generation 
of ROS. As with the other toxic metals discussed, oxidative and nitrosative stress 
play a critical role in metal-induced toxicity. In a rat brain model, exposures to Pb 
lead to a significant increase of lipid peroxidation products (223). The two primary 
targets of Pb toxicity are the central nervous system and the cardiovascular system 
(224). Pb interferes with the regulatory action of Ca2+ on cell functions. Some 
experimental studies have suggested that Pb can be genotoxic (225). 
In response to the trends seen in the current literature, agencies are 
beginning to reduce Pb levels warranting further surveillance and restriction. The US 
Centers for Disease Control and Prevention (CDC)’s Adult Lead Epidemiology and 
Surveillance Program (ABLES) reduced its definition of a blood Pb level requiring 
surveillance from 250 ppb to 100 ppb (226). There are several regulations 
surrounding advisable levels of Pb in humans and in the environment. Above 10 ppb 
of Pb in whole blood is the CDC and Health Canada’s indication of elevated Pb 
levels in children. Levels of exposure to Pb from air have been set by the EPA to not 
exceed 0.15 µg/m3 over 3 months (227). 
2.3.2.2 Health Effects of Pb 
Exposure to Pb can cause damage to the kidneys and brain and has been linked to 
renal disease, hypertension, and cardiovascular mortality (228-233). Chronic Pb 
exposure can lead to adverse neurological outcomes including adverse neurological 
impact on the developing fetus through maternal exposure (234-237).  
Several recent studies have utilized the U.S. NHANES databases to compare 
blood Pb levels to health outcomes including gout, hypertension, cognitive 
impairments, reproductive function and all-cause mortality ratios. A very recent study 
found that NHANES participants in the highest blood Pb level quartile (mean = 39.5 
ppb) compared to the lowest (mean = 8.9 ppb) were almost 4-fold more likely to 
have a self-reported physician diagnosis of gout compared to controls (238). Of 
note, participants in the second quartile (levels ranging from 12 - 18 ppb) were also 
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found to have an elevated risk for gout relative to controls (independent of other 
major risk factors, such as renal function, age, sex, race, diabetes, hypertension, 
use of diuretics, and dietary variables). 	  
A recent systematic review has concluded that the evidence is sufficient to 
infer a causal relationship of Pb exposure for hypertension and is suggestive to infer 
a causal relationship with clinical cardiovascular outcomes and heart rate variability 
at blood Pb levels as low as < 50 ppb (239). A positive association of Pb exposure 
with blood pressure has been revealed in various studies in different settings and 
many have established a dose-response relationship (239). Another study 
examining NHANES data, found a racial difference in the relationship between blood 
Pb levels and hypertension. Black men in the 90th percentile of blood Pb levels (≥ 
35.0 ppb) compared to Black men in the 10th percentile of blood Pb distribution (≤ 
7.0 ppb) had a significant increase risk for hypertension (240). Another study 
examining the NHANES database found positive associations between blood Pb 
levels > 36 ppb and all-cause mortality, cardiovascular mortality and > 20 ppb for 
myocardial infarction and stroke mortality (230).  
There are inconsistent findings regarding the association between blood Pb 
levels in adults and declines in cognitive function, leading to considerable 
controversy and much discussion (241, 242). One study suggested that exposure to 
low levels of Pb (29 ± 19 ppb) may have adverse consequences for cognitive 
function in older women (243). In a systematic review, moderate associations were 
seen between blood Pb concentration (< 100 ppb) and cognitive decrements (244). 
In a very recent survey utilizing the NHANES database with adults aged 60 and 
older, quintiles of blood Pb levels (<13.0, 17.9-<23.0, 23.0-<32.0, and ≥32.0 ppb) in 
relation to cognitive functioning (adjusting for age, sex, race, poverty-income ratio, 
education, and self-reported general health status) were found to have no clear 
associations (245). As mentioned above, a single blood Pb level is not indicative of 
the cumulative dose and this could be playing a role in the mixed findings of the 
association between accelerated decline in cognitive function and blood Pb levels. 
Of note, a study found bone Pb levels (an indicator of cumulative Pb exposure) 
predicted lower cognitive performance and decline over 22 years in exposed 
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workers, and also showed that there is no association with how recent the exposure 
was and bone Pb levels (246).  
Blood Pb levels have also been implicated in adverse reproductive effects in 
both males and females. Blood Pb levels were significantly higher in mothers who 
delivered preterm babies than in those who delivered full-term babies (mean; 44.6 
and 34.3 ppb, respectively) (247). In men, a study reported that the mean total count 
of sperm started decreasing at blood Pb levels of > 30 ppb with very significant 
reduction of the count at levels > 40 ppb (248). The Longitudinal Investigation of 
Fertility and the Environment (LIFE) study noted that mean blood Pb levels of 8.5 
ppb in males were associated with reduced fecundity (249).  
In a large, representative sample of Korean adults, elevated blood Pb level 
was consistently associated with lower estimated glomerular filtration rates (eGFR). 
As well, the prevalence of reduced eGFR was seen even at blood Pb levels below 
100 ppb, supporting the role of Pb as an important risk factor for chronic kidney 
disease (250). 
Guidance values for blood Pb content vary greatly and may not be reflective 
of current scientific findings as discussed above. A maximum acceptable level for 
adults in blood as considered by the US Department of Labour Occupational Safety 
and Health Administration is 400 ppb (251), by the CDC and WHO is 250 ppb. 
These differences reflect the rapidly changing attitudes for Pb exposures required to 
protect public health. 
2.3.3 Cadmium 
2.3.3.1 General Overview and Sources of Exposure 
Cd is a metal naturally occurring in the earth’s crust. It is typically extracted as a 
byproduct during the production of other metals including zinc, Pb or copper. The 
use of Cd is mainly for batteries and also for pigments, coatings and platings. Cd 
enters soil, air and water through mining, fossil fuel combustion, municipal waste 
incineration and the application of fertilizers. Cd exists as compounds in particles 
and thus, can travel long distances in the atmosphere, and is subsequently 
deposited in water or on soil (252). Air is not a major source of exposure of Cd, 
unless situated near a major occupational source (such as smelting or electroplating 
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industries). Non-occupational exposure to Cd comes primarily through cigarette 
smoking and diet (253, 254). Major sources of exposure to Cd are through cigarette 
smoke, food, water or air, particularly in areas around Cd-related industries such as 
mining and metal smelting (253, 254).  When Cd combines with chlorine and 
sulphur, it becomes soluble in water and can thus accumulate in aquatic organisms 
whereas insoluble forms of Cd will deposit on sediment. Cd can bind to organic 
matter, be taken up by plant life and thus, eventually enter the food supply. Plant 
foods such as leafy greens, potatoes, peanuts, soybeans and seeds are potential 
sources of Cd (252). 
Once ingested, most Cd travels to the kidney and liver where it can remain for 
years. Although the body converts Cd to a non-harmful form, a chelation complex 
with metallothionein, its accumulation can overwhelm the capacity of the kidney and 
liver to convert it to this non-harmful chelate, causing adverse health effects. A small 
portion of Cd is excreted through urine and feces. The half-life of Cd in humans is 
20-30 years (252). Cd can affect cell proliferation, differentiation, apoptosis, as well 
as many other cellular activities. Its mechanism of toxicity seems to be mostly based 
on its interaction with DNA repair mechanisms, its generation of ROS and its ability 
to induce cell death by apoptosis (255, 256). The EPA, FDA and Health Canada 
have set drinking water limits for Cd content at 5 ppb (257-259).  
2.3.3.2 Health Effects of Cd 
Cd is classified as a carcinogen by the International Agency for Research on Cancer 
(IARC), with links primarily to lung cancer (254). Chronic exposure to Cd is linked to 
renal damage, bone mineral density loss and hypertension (260-263).  As with many 
of the toxic metals, prospective studies of exposure to Cd and health outcomes are 
minimal and most have mainly investigated morbidity and mortality in populations 
highly exposed to Cd (264, 265). However, concomitant with declines in Cd body 
burdens (266), recent literature has begun to investigate relationships between low-
level body burdens of Cd and health effects such as cardiovascular mortality, 
reproductive outcomes and renal function.  
A very recent study examined data from the NHANES 1999-2004 databases 
and found that low-level Cd is a determinant for both cardiovascular and all-cause 
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mortality in the general U.S. population (after adjusting for important risk factors 
such as smoking status, recent smoking dose, and cumulative smoking dose). Of 
note, the risks associated with 80th percentile blood Cd levels (0.80 ppb) were 8.8% 
for all-cause mortality and 9.2% for cardiovascular mortality (267). Importantly, this 
study found that urine Cd levels are associated with cardiovascular mortality even 
among never smokers. This suggests that Cd is a risk factor independent of 
cigarette smoking. A recent systematic review and meta-analysis suggests a positive 
association between blood Cd levels (means ranging from 0.42 to 2.3 ppb) and 
blood pressure among women (268). These findings are consistent with studies 
examining previous NHANES surveys as well as other cross-sectional associations 
between relatively low-level blood Cd levels (i.e. levels seen in the general 
population) and cardiovascular mortality endpoints, such as heart failure, stroke and 
hypertension (269-274). This potential relationship between Cd exposure and 
cardiovascular outcomes is supported by both experimental and mechanistic 
evidence. Cd causes endothelial cell dysfunction in vitro and accelerates 
atherosclerotic plaque formation in vivo (275). Environmental Cd exposure is also 
associated with DNA hypomethylation in peripheral blood, and thus the role of 
epigenetic modifications in Cd-associated diseases requires further investigation 
(276). 
Exposure to low-level Cd is also associated with reproductive dysfunctions. 
Reduced fecundity was seen for females with blood Cd levels of 0.78 ppb (95% CI; 
0.63-0.97) (249). A pilot study found a moderate relationship between the 
percentages of immotile sperm and Cd content of seminal plasma (277). Blood Cd 
were also been investigated in association with reproductive hormone levels in men 
and women. Geometric mean blood Cd levels of 0.29 ppb were associated with 
modest decreases in mean follicle-stimulating hormone (FSH; a hormone that 
regulates ovulation in women and sperm production in men) in healthy, 
premenopausal women, (278) which could be an underlying mechanism for reduced 
fecundity.  
Cd was recently investigated in conjunction with other health outcomes 
including vestibular and renal dysfunction, iron deficiency, bone density loss and 
T2D. A study examining the NHANES database found that blood Cd levels (0.9 - 7.4 
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ppb vs. < 0.2 ppb) may be associated with balance and vestibular dysfunction (279). 
Blood Cd content (geometric mean = 0.927 ppb) in the general Korean population 
has been associated with the presence of iron deficiency (280). Utilizing this same 
database of the Korean general population, elevated blood Cd levels (geometric 
mean = 1.49 ppb) were associated with lower estimated glomerular filtration rates in 
women, supporting the role of Cd as a risk factor for chronic kidney disease (250). 
The CadmiBel Study, a cross-sectional population study conducted in Belgium that 
investigated the health effects of environmental exposure to Cd, found implications 
for increased urinary Cd levels in alterations of renal function (281). Subjects with 
blood Cd levels >1 ppb showed a higher association with both chronic kidney 
disease and albuminuria in the general U.S. population using the NHANES 
databases (282). Indeed, it is apparent that low-level Cd levels may negatively 
impact renal function. 
There are mixed results on the relationship between low-levels Cd levels 
(ranging from 1.15-1.27 ppb in blood and 1.57 ppb in serum) and decreases in bone 
density with some recent studies showing positive relationships whereas others 
found no relationship at all (283, 284). In a large cross-sectional study using 
NHANES data, urinary Cd levels were found to be significantly and dose-
dependently associated with impaired fasting glucose and T2D (285).  
2.3.4 Mercury 
2.3.4.1 General Overview and Sources of Exposure 
Methylmercury (MeHg) contamination is a serious worldwide problem that affects 
both ecosystem and human health. The primary source of MeHg exposure for 
humans is through fish consumption (286). Hg enters the environment from the 
normal breakdown of rocks and soil, from volcanic activity as well as from human 
activities including mining and fossil fuel burning. The large scale burning of fossil 
fuels results in the release of 73 tonnes of metallic Hg a year in the U.S. alone, 
despite only traces of inorganic Hg being found in the fuels before combustion (286). 
Exposure to Hg can occur through drinking water or eating food, breathing in air or 
skin contact (286). However, not all forms of Hg easily enter the body and thus it is 
important to know which species one has been exposed to and by which route. 
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There are three different forms of Hg: elemental (or metallic), inorganic and 
organic. Metallic Hg is a liquid at room temperature, and is used in thermometers, 
electrical switches, batteries and dental fillings and is also used for producing 
chlorine (by the chlor-alkali process that resulted in severe contamination of the St. 
Clair River and Lake St. Clair) and extracting gold from ore (286). Metallic Hg is 
typically contained in glass or metal and is not a threat unless its vessel is broken 
and the compound and its vapours are released. When metallic Hg is ingested, most 
will not enter the systemic circulation and is primarily excreted in urine or feces. The 
major route of exposure of metallic Hg is via Hg vapours where most enters the 
bloodstream through the lung and travels to the kidneys and the brain. In the brain, it 
can be converted to an inorganic form, can accumulate and remain there for a long 
period of time. Some metallic Hg also accumulates in the kidneys. Maternal body 
burdens of metallic Hg are transferred to the developing child (286). 
Inorganic Hg consists of Hg salts that are produced from the mixture of Hg 
with chlorine, sulphur or oxygen. Inorganic Hg is found in some fungicides, skin-
lightening creams and topical antiseptics (286). When inorganic Hg is ingested, a 
portion of it (up to 40%) can enter the bloodstream through the intestines and travel 
to the organs. After a couple of weeks, it will leave the body through urine or feces. 
Although it does not enter the brain as easily as organic Hg, inorganic Hg can 
accumulate in the kidney. It does not get transferred from mother to the developing 
fetus, however some is excreted in breast milk (286).  
Last, Hg combines with carbon making organic Hg, e.g. methylmercury 
(MeHg), the most toxic form. Some anaerobic bacteria and fungi can convert Hg 
from one form to another, typically inorganic Hg to MeHg. MeHg was once used as a 
fungicide to protect seed grains from insects and mould infections. The ability of 
MeHg to bioaccumulate makes this form much more prevalent, and dangerous 
(286). This is particularly true in aquatic organisms, where the oldest, largest fish 
have the highest levels of MeHg. Thus, a diet high in fish, shellfish or other animals 
will increase exposure to MeHg. The level of MeHg in a fish depends on its species, 
its age and size, and the body(ies) of water where it lives. MeHg also impacts the 
health of fish and wildlife. Studies have shown decreased reproductive success of 
fish, birds and mammals due to MeHg contamination (286). 
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MeHg is the form of Hg most easily absorbed by the gastrointestinal tract and 
readily enters the bloodstream and moves to other parts of the body, in particular the 
brain. MeHg can enter through skin, can be passed from mother to fetus and can 
also be transferred to the neonate through breast milk (286). Similar to metallic Hg it 
can be converted to an inorganic form that accumulates in the brain. The half-life of 
MeHg is about 72 days and it will eventually leave the body through feces (286). 
MeHg was found to decrease mouse brain mitochondrial viability through the 
involvement of the ROS, hydrogen peroxide (287). A recent study (2014) showed a 
positive association between levels of blood Hg and levels of gamma-glutamyl 
transferase (GGT) in a representative sample of Korean adults, suggesting that 
oxidative stress is a possible mechanism of Hg toxicity (288). 
Many agencies have issued regulations in order to decrease MeHg exposure 
from fish consumption. There are several regulations concerning levels of Hg in the 
environment and in humans. The EPA and the FDA have both set limits of 2 ppb of 
inorganic Hg in drinking water (259, 289). The EPA/FDA has set a restriction of 1 
ppm of Hg in seafood products, and Health Canada has a restriction of 0.5 ppm Hg 
in all retail fish (290, 291). 
There have been several incidences throughout the world in which a large 
population of people were poisoned by food contaminated with high levels of Hg. 
These accidents resulted in severe symptoms, termed Minamata Disease, including 
paresthesia (skin numbing), loss of coordination, difficulty in speech, hearing 
impairment, blindness and even death. Infants exposed in utero had many adverse 
health problems including motor and sensory impairments and mental retardation. 
Following the release of MeHg into Minamata Bay in Japan, which continued from 
1938 to 1968, there were large scale, MeHg poisonings (described above) in 1956 
(292). The MeHg bioaccumulated in fish and shellfish was consumed by the local 
population. Animal and human deaths continued for several decades. By 2001, 
2,300 victims, of whom 1,800 had died, were officially recognized and over 10,000 
have received financial compensation from the company that released the Hg. A 
second outbreak of Minamata Disease occurred in Niigata Prefecture in 1965 (286). 
In 1971 in Iraq, MeHg-treated wheat intended as seed grain with MeHg as a 
preservative was accidently distributed to people and used for making bread 
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consumed by people (293). There were 460 deaths and 6,500 hospitalizations but 
others have suggested figures at least 10-fold higher than these (286). Due to the 
fact that MeHg is formed from Hg in aquatic systems by bacteria and fungi and is not 
readily eliminated from these organisms, MeHg poisoning is a major continuing 
problem in public health 
2.3.4.2 Health Effects of Hg 
At high exposures in children and adults, MeHg causes sensory impairment, 
disturbed sensation, lack of coordination and dysphasia, skin discoloration as well as 
an increased risk for cardiovascular disease and hypertension (294-298). 
The protection of the fetus from detrimental effects due to maternal fish 
consumption pre-pregnancy and during pregnancy is imperative. Critical to our 
study, serum levels of Hg are significantly higher in consumers of fish caught from 
the Great Lakes compared to those in people who do not consume fish (299). As 
with the 3 metals previously discussed there is a growing body of literature 
examining the effects of relatively low-levels of Hg on a variety of health outcomes 
including fetal growth and neurological, cardiovascular and immunological function. 
Fish, a primary source of MeHg exposure, is a key component of many diets 
worldwide, and thus Hg has the potential to impact the health of many, many 
individuals. 
Exposure to Hg is a major issue at some First Nations in Canada with Hg 
poisonings still apparent today at some reserves in Ontario. A recent study (2011) 
found that 59% of Grassy Narrows residents (N=160) have signs consistent with Hg 
poisoning and 39% meet the diagnosis of Minamata Disease (300). The Hg levels 
found in the blood of participants of that study had levels 3-fold (Grassy Narrows) to 
7-fold (White Dog) higher than the Health Canada guideline value of 20 ppb (300).  
One of the primary interests of our study was the protection of the fetus, the 
most susceptible human life stage to Hg exposures. It is estimated that in the U.S., 
decreased productivity due to exposure to Hg in utero leads to $8.7 billion in 
economic losses per year from decreased IQs (301). A systematic review of the 
epidemiological literature by members of our group that has evaluated relationships 
between maternal hair Hg concentrations, fish consumption and attenuated 
	  	  
44	  
neurodevelopment has conservatively established a lowest observable adverse 
effect level (LOAEL) of 0.3 µg Hg per g of maternal hair based on mild 
neurodevelopmental problems (302).  
It is becoming apparent that the cardiovascular system may be the most 
sensitive target organ for Hg toxicity for adults. However, this relationship is still 
tenuous with some studies finding no association at all. This includes a recent study 
that found no adverse associations between whole blood Hg (mean = 20.5 ppb) and 
blood pressure, and actually found that with increasing whole blood Hg 
concentrations, there was a decrease in risk for hypertension and diastolic blood 
pressure in men (303). A prospective study of U.S. adults (N=173,229) found no 
adverse effects of toenail Hg content of health professionals (mean = 0.23 ppm) on 
coronary heart disease, stroke, or total cardiovascular disease (304). These findings 
were similar to those of a Swedish nested case–control study that found no 
association between low exposure to Hg and the risk for myocardial infarction. The 
authors speculate that this is perhaps due to the beneficial role of fish consumption 
which typically coincides with MeHg exposure from fish (305). 
Blood Hg content (mean = 8.1 ppb) was associated with decreased heart rate 
variability among teenage French Polynesians, but not with resting heart rate or 
blood pressure among teenagers or adults from the same population (306). In a 
population of Cree First Nation adults, a significant association was seen with blood 
and hair Hg content (mean = 3.4 ppb and 0.47 ppm, respectively) and heart rate 
variability parameters (after adjusting for confounders), but not blood pressure (307). 
Despite these mixed results, a recent review suggested there is a strong link 
between Hg exposure and acute myocardial infarction and recommends the 
development of a dose-response function for use in regulatory guidelines (308). 
Conversely, another recent systematic review examined all studies describing 
effects of low-level Hg exposure in adults (defined as < 12 ppb in adult blood) and 
found inconsistent evidence and uncertain patterns for the relationship of Hg 
exposure with cardiovascular endpoints. Adverse cardiovascular effects could 
potentially occur at low levels of Hg exposure and thus, this relationship needs to be 
investigated further. An underlying mechanism linking Hg exposure and coronary 
heart disease in human populations is that Hg has recently been shown to inhibit 
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serum paraoxonase/arylesterase 1 (PON1) activity, an enzyme located in the high-
density-lipoprotein (HDL) fraction of blood lipids that metabolizes toxic oxidized lipids 
(309). Experimental models also suggest that oxidative stress plays an important 
role in the toxicology of Hg (310).  
Occupational exposure to Hg is associated with immunological outcomes. 
Immunotoxicity was observed in recent studies in populations in the Brazilian 
Amazon where there is heavy exposure to Hg from frequent fish consumption and 
gold mining (311, 312). Evidence of immunotoxicity from low-level Hg is inconclusive 
in the limited literature available to date. One study examining the NHANES 
database found a positive association between relatively low total blood Hg levels 
(≤0.40 to >1.81 ppb) and positivity for thyroglobulin autoantibody, indicating that 
women with higher Hg levels are at a greater risk for cellular autoimmunity (313). 
Exposure to Hg has been recently implicated in other health outcomes. A 
preliminary study found that serum Hg levels were higher in multiple sclerosis (MS) 
patients compared with healthy individuals (314). Blood Hg (geometric mean = 4.34 
ppb) has also been linked to increased incidences of atopic dermatitis (315). 
Evidence also does suggest effects of low levels of Hg exposure (< 12 ppb) affects 
fetal and infant growth (316, 317). 
Some positive effects associated with Hg exposure in a recent study included 
high blood Hg levels (> 25 ppb) were associated with a lower risk of having 
osteoporosis in Korean postmenopausal women (318). The geometric mean of the 
blood Hg levels was 3.23 µg/L in the general Korean population, significantly higher 
than in the general American population, probably indicative of higher seafood 
consumption (319). Dietary exposure through fish consumption is a key route for 
MeHg intake by the general population particularly for ethnic groups with higher fish 
consumption (320).  
The ability of MeHg to bioaccumulate in fish is well known and has been 
responsible for the closing of many commercial fisheries. The concentration of Hg in 
fish and other traditional food items is of significance in determining possible 
pathways of exposure to environmental toxins. The vast benefits of a traditional First 
Nations diet must be discussed and highlighted in the context of potential 
implications for exposure to toxic metals such as Hg. In particular, fish consumption 
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is associated with proven health benefits such as minimizing risk of coronary heart 
disease, stroke and enhancing cognitive development in children (321-323). Of note, 
the consumption of two or more servings of fish per week is associated with reduced 
progression of atherosclerosis in post-menopausal women, particularly in those with 
T2D (324). The beneficial role of fish consumption on the risk of myocardial 
infarction due to constituent n-3 fatty acids is not harmfully affected by the 
concomitant presence of Hg in the fish in a low-exposure population (305). 
There is a well-known relationship between the amount of fish eaten and 
body burdens of Hg, so that decreasing fish consumption will decrease exposures to 
MeHg and the risk for problems of neurodevelopment in the growing fetus (325). It is 
recommend that physicians counsel women of reproductive age about choices 
regarding fish consumption and provide appropriate resources (326, 327). However, 
the development of functional dietary recommendations balancing nutritional 
benefits of fish with the risk of MeHg exposure is a challenge for regulatory agencies 
and health professionals (328).  
2.4 Persistent Organic Pollutants (POPs) 
Exposure to POPs including organochlorine (OC) pesticides and polychlorinated 
biphenyls (PCBs) occur as a consequence of human activity. POPs are highly 
lipophilic compounds resistant to degradation and metabolic breakdown and 
consequently they bioaccumulate in human and animal tissues and fluids as well as 
in the environment. POPs undergo long-range atmospheric transport, moving from 
the southern to northern hemisphere and concentrate in the northern communities 
thus increasing potential for exposure there (329-331). Due to their ubiquity and 
persistence, it is believed that all exposed humans store POPs in their fat tissues. 
Although, many of the POP compounds have been banned or had their availability 
restricted, new exposures continue to occur primarily through consumption of 
contaminated animals as the main route of exposure to POPs is through dietary 
intake, particularly meat, fish, poultry and dairy products (332-337).  
POPs biomonitoring programs are useful for exposure assessment, to 
analyze patterns of POP exposures, and to inform and evaluate policies. While there 
are numerous studies being conducted in order to investigate the adverse health 
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effects of exposure to POPs, few countries, or subpopulations of vulnerable 
communities therein, are conducting surveillance programs of body burdens of 
POPs. This is essential in order to get an understanding of what current levels are, 
to follow temporal trends and to inform future health studies. There are significant 
global and regional differences in body burdens of POPs, and how these differences 
impact health need to be investigated. It is critical to determine and investigate 
changes in population based POPs body burdens as single birth cohort studies often 
lack the statistical power to reliably determine any adverse health effects. It is also 
important for investigators to be aware of and utilize these databases such as CHMS 
and NHANES, for potential future collaborative analyses to investigate a specific 
research question and thus, to increase statistical power.  
Starting in the 1990s, population-wide surveys and programs on body 
burdens of POPs (and other environmental contaminants) have been conducted in 
mainly developed, industrialized countries. Typically all of these large biomonitoring 
projects investigated the general population, but some studies focused on certain 
gender, age or social groups. The methods of analysis of POPs are fairly similar 
between the different studies; with a majority utilizing gas chromatography with 
highly sensitive, electron capture detection. A majority of these biomonitoring 
projects investigated some or all of the 12 compounds targeted in the initial version 
of the Stockholm Treaty (with HCB, p,p′-DDE, PCB 180, PCB 153 and PCB 138 
being the most frequently studied compounds) (338). 
The National Health and Nutrition Surveys (NHANES) is a survey conducted 
by the Centers for Disease Control (CDC) on human exposure to environmental 
contaminants since 1999. This survey includes a representative sample of the non-
institutionalized population of the U.S. and in its most recent survey, measured 148 
different compounds (219). Body burdens of POPs in blood and in urine are 
presented by race, age and sex. The Canadian Health Measures Survey (CHMS) is 
a similar study of a representative sample of the Canadian population (except for on-
reserve First Nations) which started in 2007 with body burdens of POPs in blood and 
in urine presented by age and sex (192). In order to fill the gap of biomonitoring data 
on First Nations, the Assembly of First Nations (AFN) conducted a survey in 2011 for 
the presence of POPs and other environmental contaminants in a representative 
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sample of 503 First Nations adults called the First Nation Biomonitoring Initiative 
(FNBI) (339).  
Body burdens of POPs in blood and urine have been measured in a 
representative sample (of ages 25-69) of Germany since 1985 in the German 
Environmental Survey (GerES) (340, 341). The Australian Government has 
implemented a National Dioxins Program in order to evaluate background levels of 
these compounds in blood serum, including dioxin-like PCBs, in a representative 
sample of the Australian population according to age, gender and region (342). 
There is also a survey conducted in Australia on POPs levels in breast milk of a 
large population of women from across the country (343). Levels of OC pesticides in 
blood of non-occupationally exposed New Zealanders aged 15 years or older are 
measured in the Organochlorines Program of the New Zealand Ministry of the 
Environment survey, which began in 1995 (344, 345). Body burdens are presented 
by sex, age, geographic location and race. The Flemish Ministry of Health conducted 
a study in 1999-2000 to determine the body burdens of POPs and health effects in 
women aged 50-65 in Belgium in a study called the Flemish Health and the 
Environment Study (FLEHS) (346, 347). Currently as a part of FLEHS, POPs are 
analyzed in large cohorts of newborns and adolescents to assess health effects. A 
group determined body burdens of POPs in blood of a population in the Canary 
Islands (Spain) during a nutrition survey conducted in 2003 and data were presented 
by sex, age and residence (348-350). The French Nutrition and Health Survey 
(ENNS) was conducted in 2006/07 in order to determine body burdens of POPs in 
blood of the general population in France (351). Body burdens of POPs in serum 
were reported in the general population of Sicily, Italy in 2012 (352). The National 
Food Administration in Sweden has also conducted several studies to determine 
body burdens of POPs in different subgroups of the population including men aged 
40 to 74 years (353), women with diabetes (354), men in the military (355), and the 
wives of fishermen (356).  
The 1998 and 2003 Arctic Monitoring and Assessment Program (AMAP; 357-
60) conducted biomonitoring studies in the Arctic region. These Arctic studies are 
particularly important because this is a non-industrialized region that is heavily 
contaminated by POPs. The AMAP determines body burdens of POPs in this region, 
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particularly in the indigenous population that reside there and in vulnerable 
subpopulations such as women and infants (357). The role diet plays in body 
burdens of POPs in the Arctic is vehemently studied, as many rely on traditional 
foods, which typically contain high levels of POPs.  
In very recent years, biomonitoring of POPs in representative samples of 
populations, as well as of vulnerable subgroups have exploded, highlighting their 
need and significance. There have been even more studies of industrialized nations 
such as the ENRIECO study (Environmental Health Risks in European Birth 
Cohorts) project, which examines POPs levels in 37 European birth cohorts (358). 
Of particular note, there have been many recent studies investigating body burdens 
of POPs in areas of the world not been previously studied including developing 
countries. The contribution that exposures to environmental contaminants play in the 
health disparities seen in these regions needs to be evaluated. Studies include the 
investigation of POP levels in Mexican children (359-361), in the breast milk of 
Serbian women (362), in the breast milk of Mexican women (363), in the breast milk 
of women from the Czech Republic (364), delivering women in Brazil (365), in 
mothers from Pakistan (366) and from South Africa (367), Hong Kong (368, 369), 
Guinea-Bissau (370), Catalonia (371), India (372), China (373). 
Some of the surveys were conducted over several years so that temporal 
trends of POPs could be evaluated. Body burdens of POPs are appearing to 
decrease globally with declines seen in the U.S from 1999 to 2009 (219), in Canada 
from 1992 to 2005 (374), in Serbia from 1982 to 2009 in human milk (362); in the 
Czech Republic from 1994 to 2009 (364); in Spain from 2002 to 2006 (375); in 
Sweden from 1993 to 2007 (376); in Guinea-Bissau from 1990 to 2007 (370); in 
Belgium from 2001 to 2006 (347) and in New Zealand human milk from 1988 to 
1999 (377). 
There are many characteristics of body burdens of POPs that have been 
elucidated in the biomonitoring studies. There are clear age-related associations 
with body burdens of POPs. Typically it is found that as people age, body burdens of 
POPs increase due to the bioaccumulative nature and long half-lives of these 
chemicals (219, 352, 371, 376, 378). Thus, it is misleading to compare body burdens 
of two different populations that differ markedly in age.  
	  	  
50	  
As POPs are lipophilic substances, their relationship with body weight and 
lipid content has been intensely studied, particularly as this could be causing chronic 
internal exposure. Thus, it is critical to note whether the biomonitoring studies are 
corrected for lipid content of serum or plasma. There are mixed findings with regard 
to the relationship between body burdens of POPs and BMI. One  study by Mikes et 
al. (2012) conducted on women’s breast milk in the Czech Republic found 
hexachlorobenzene (HCB) (mean 199 ng/g lipid) to be positively associated with 
BMI, but BMI was negatively associated with highly chlorinated PCBs (congeners 
153, 170, 180; mean 222, 71.5, 169 ng/g lipid, respectively) (364). In several studies 
it was shown that in adults, some serum OC pesticides (p,p’-DDE, HCB, β-HCH) 
were positively and significantly related to BMI (351, 375, 378). Kim et al. (2011) 
found that levels of 18 PCB congeners in serum positively and significantly 
correlated with obesity-related dysfunctions (e.g. liver toxicity markers and lipid 
parameters) (379). Also, they and other groups have reported that drastic weight 
loss leads to a redistribution of PCB congeners and OC pesticides in the body, 
leading to increased levels of POPs in plasma (380-383). This is an important 
consideration during pregnancy and subsequent breast-feeding.  
Sex differences come into play as breast milk is a major route of excretion of 
POPs for females (368, 376). Increased parity (the number of times a woman has 
given birth) is associated with lower total PCBs, and other OC pesticides (365, 371, 
375, 376). Other maternal characteristics come into play when evaluating body 
burdens such as maternal age, with increasing POP body burdens seen with 
increasing age (365, 368). A study conducted by Foster et al. (2012) in Canada 
showed that women who are foreign-born had significantly higher concentrations of 
several POPs (p,p′-DDE, β-HCH and PCBs 138, 153, 180) compared to Canadian 
born women (384). These data and other studies suggest that there are potential 
differences in POPs body burdens based on maternal place of birth (369, 371). 
Regional differences, particularly distance from the contaminant source and urban 
vs. rural are also seen to be major contributing factors in POPs body burdens (360, 
361, 365-367, 372, 373). 
Social factors, such as dietary and lifestyle habits, are important contributors 
to the amount of environmental exposure to POPs and resulting body burdens of 
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POPs although results have sometimes been contradictory. A couple of studies 
conducted in Spain by Porta et al., showed relationships between body burdens and 
social class, with increasing body burdens of POPs (DDT, p,p′-DDE, β-HCH, HCB, 
PCB  118, 138, 153 and 180) generally associated with lower social class (371, 
375). On the other hand, in Flemish adolescents, levels of PCBs, HCB and p,p′-DDE 
were found to be positively associated with socioeconomic status (SES) (i.e. higher 
exposures for higher SES) (385). In a preliminary analysis in the Porta et al. (2010) 
study, individuals with lower educational level showed higher median concentrations 
of the 8 most prevalent POPs (DDT, p,p′-DDE, β-HCH, HCB, PCB 118, 138, 153 
and 180) (371). As fish consumption is a major source of POPs, it is not surprising 
that many studies have found a positive association between fish consumption and 
levels of POPs (DDT, p,p’-DDE, β-HCH) body burdens (368, 373). Levels of the 
DDT metabolite, p,p’-DDE were found to be positively associated with consumption 
of fresh vegetables in adolescents (378), as well as with the domestic use of 
pesticides on fruit trees (351). 
The FDA has set an action level of 5 ppm for total DDT, p,p’-DDE and p,p’-
DDD in fish (386). There is no Ontario Ministry of the Environment (OME) advisory 
for fish consumption based on total DDT, reflecting the decreased concern about 
this pollutant. The OME has set limits for mirex of 0.082 ppm in its Guide to Eating 
Ontario Sport Fish and for total (sum of) PCBs guidelines of 0.105 ppm for 
consumption restrictions, complete restrictions of 0.211 ppm for sensitive 
populations and 0.844 ppm for the general population (387). The Food and Drug 
Administration (FDA) of the U.S. has set limits of >1.9 ppm and 2.0 ppm wet weight 
of total PCBs in fish muscle for the “do not eat” category (388).  
One is typically not exposed to just one POP compound, and thus the effect 
of exposure to mixtures of different POPs is beginning to be investigated. In future 
studies, it will be important to understand the potential interactions between the 
different components of these mixtures. This provides a major impetus to biomonitor 
compounds in several different chemical classes as their mechanisms of action 
differ, providing a basis for synergism and inhibition. Also, there is currently a great 
deal of interest in the scientific community on adverse health effects related to 
chronic exposure to low doses of POPs (389-391). This has become especially 
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important because very recent findings, for example concerning relationships 
between exposure to several POPs and increased risk for T2D indicate that positive 
associations are greatest at lower exposures (i.e. dose-response relationships are 
not linear). This again demonstrates the value of determining accurate distributions 
of POPs in human populations. 
2.4.1 Organochlorine (OC) Pesticides 
 2.4.1.1 General Overview and Sources of Exposure 
After World War II there was a massive production of inexpensive, persistent, 
synthetic petrochemicals including pesticides. From the 1940s to the 1960s, OC 
pesticides saw widespread use in the North America, especially in agriculture and 
forestry. OC pesticides are a structurally heterogeneous class of organic compounds 
composed primarily of carbon, hydrogen and several chlorine atoms that share 
many physicochemical properties. The presence of multiple chlorine atoms in OC 
pesticides increases their lipophilicity and hence their bioaccumulation in adipose 
tissue. OC pesticides are rapidly absorbed in the small intestine and enter the 
circulatory system where they are distributed throughout the body and accumulate in 
body tissues with high lipid contents. These compounds are persistent and remain in 
the body for long periods of time.  
The most common and well-known OC pesticides are DDT (dichlorodiphenyl-
trichloroethane) and its metabolites (p,p’-DDE (dichlorodiphenyldichloroethylene) 
and p,p’-DDD (dichlorodiphenyl-dichloroethane). Starting in 1939 DDT was used 
extensively throughout the world due to its persistency, low cost and effectiveness 
and was successful in controlling malaria and typhus during World War II (392). 
Subsequent to the publication of Rachel Carson’s ground-breaking work Silent 
Spring that suggested DDT is linked to cancer and is a threat to wildlife, the 
compound was banned in the U.S. in 1972 (393). However, it remains in use in other 
parts of the world, particularly in the tropics, to combat malaria.  Most OC pesticides 
can be detected in the blood of representative samples of citizens of the United 
States and Canada, indicating their widespread use and ubiquity. A study by 
Kearney et al. (1999) of blood samples of Great Lakes fish and waterfowl consumers  
reported that increased waterfowl consumption is associated with higher p,p’-DDE 
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levels in men (394).  In addition, due to the extensive contamination of our 
environment with  DDT, other foods, cereals and meat are also known to contain 
significant concentrations of p,p’-DDE making diet the main route of exposure for 
humans to DDT and its metabolites (395).  
Contamination with DDT and other OC pesticides will thus persist for many 
decades, particularly impacting the Arctic where widespread contamination is seen 
(7, 330, 331). Although located significant distances from major sources of pollution, 
OC contamination in the Arctic was discovered in marine animals in the late 1960s 
(396). OC pesticides travel to the Arctic via long range atmospheric transport, ocean 
currents and through runoff that passes through the large drainage basin in the 
Arctic (331, 396-398). Although some degradation can take place in the atmosphere, 
most of the airborne pesticides are removed from the atmosphere through 
deposition, sometimes occurring over 100s of kms from the source of emission. 
Migratory birds, who themselves have body burdens of POPs, contribute to long 
range atmospheric transport of contaminants (399). 
In the time since government regulations in Canada and the U.S.  have either 
limited or banned their use, concentrations of OC pesticides have decreased, as 
demonstrated in the decline of POP contaminant levels measured in snapping turtle 
eggs in the Great Lakes. WIFN was one of the areas surveyed in this study (400) 
which reported a 20-fold decrease in p,p’-DDE concentrations in snapping turtle 
eggs at WIFN between 1984 and 1999. From 1993 to 1997 mean levels of PCBs in 
Lake Ontario fish declined from 9.08 to 1.72 ppm wet weight (401). In many 
countries, body burdens and mean daily intake of PCBs in humans have also 
decreased over time (402-404). Hickey et al., 2005 report that this rate of decline of 
POPs concentrations in trout and walleye has been decreasing and these persistent 
chemicals may be gradually approaching an irreducible concentration, and that this 
trend seems consistent amongst the Great Lakes (405).  
2.4.1.2 Health Effects  
Results from studies examining the association between background OC pesticide 
exposures and adverse health effects are inconsistent. However, when looking at 
the data as a whole, it appears that some of the population may be experiencing 
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some detrimental health effects. The power of the epidemiological studies 
investigating relationships between exposure to OC pesticides and adverse health 
effects, particularly cancer, is limited either because of small groups of highly 
exposed people or background exposures in the general population. In studies 
where positive associations are found, causality cannot be definitively established 
due to confounding effects including concomitant exposure to other many 
compounds, such as other OC pesticides, dioxins and metals. The simultaneous 
measurement of many different environmental contaminants and other factors, 
including genetic heterogeneity, might be necessary in order to fully characterize 
effects especially in the most sensitive. It is important to have a strong biological 
rationale in order to investigate further the relationship between exposure to OC 
pesticides and adverse health effects. In the absence of understood mechanism(s) 
of effect the importance of these findings is unclear owing to the possibility that lipid 
levels or other risk factors for the health effect confound the findings. 
DDT is now considered a possible human carcinogen by the IARC (406). 
Exposure of workers in a chemical manufacturing plant (N=28) to DDT and p,p’-DDD 
(determined from work records)  was linked to an increased risk of development of 
many cancers including pancreatic as reported  by Garabrant et al. 1992 (407). This 
group also found that risk of pancreatic cancer increased with duration of exposure. 
Two large, case-control studies in the U.S. also linked exposure to DDT (as 
assessed by a questionnaire of workers who applied DDT) with an increased risk of 
non-Hodgkin’s lymphoma (408-410). Due to the fact that many OC pesticides can 
act as estrogen agonists or antagonists in in vitro and experimental animal systems, 
an association of breast cancer risk with OC pesticide exposure was investigated. 
There are mixed findings on the link between exposure to p,p’-DDE and breast 
cancer. A recent meta-analysis found that existing information does not support the 
hypothesis that exposure to DDT/DDE increases the risk for breast cancer in 
humans (411). Consistent with this meta-analysis, Calle et al. (2002) reviewed 
exposure to OC pesticides (DDT, p,p’-DDE) and PCBs with regard to risk for breast 
cancer and found that, although a few studies support this relationship, the vast 
majority of epidemiological studies do not (412). Mills et al. (2003) reviewed the 
studies that investigated exposure to the OC pesticides and risk of prostate cancer. 
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They found that workers highly exposed to lindane and heptachlor have a higher risk 
compared to those less exposed (413). In 2003 Ritchie et al. reported that, after 
adjusting for age and BMI, oxychlordane (0.020 – 0.032 µg/g lipid) (but not the other 
17 OC pesticides measured) was associated with an increased risk for prostate 
cancer (414). Settimi et al. (2003) found increased risks among farmers exposed to 
DDT (based on work records) for prostate cancer, particularly DDT (415). In a 
population-based case-control study in Sweden, Weiderpass et al. (2000) 
investigated the relationship between 10 OC pesticides and 10 PCB congeners and 
endometrial cancer and found no significant associations of increasing levels of OC 
pesticide or PCB exposure with endometrial cancer risk (416). Biggs et al. (2008) in 
a population-based case-control study, found no clear patterns between testicular 
germ cell carcinoma risk and concentrations of any of the 11 OC pesticides 
measured (417).  
Chronic exposure to OC pesticides has been associated with the 
development of neurodegenerative diseases, such as Parkinson’s disease. A meta-
analysis on the studies that investigated the relationship between exposure to 
pesticides and Parkinson’s disease revealed a positive association (418). Some 
studies showed links between pesticide exposure and delayed cognitive 
impairments (419, 420), a potential precursor of dementia, prior to the diagnosis of 
Parkinson’s. A case-control study by Chhillar et al. found a link between OC 
pesticide exposure and Parkinson’s disease in a population in North India, with β-
HCH being the strongest association (421). Exposure to OC pesticides can induce 
the production of ROS and mitochondrial dysfunction, both which may result in 
dopamine neurotoxicity (422), contributing to the etiology of neurodegenerative 
diseases such as Parkinson’s.  
Exposure to p,p’-DDE and other OC pesticide has been associated with 
increased BMI, increased triglycerides and decreased high-density lipoprotein 
(HDL)-cholesterol levels in blood (423-426). During weight loss, lipid mobilization is 
thought to contribute to adverse health effects by releasing OC pesticides 
accumulated in adipose tissue (380, 381). Chapados et al. (2012) reported that p,p’-
DDE increases the proliferative capacity of pre-adipocytes, perhaps related to its 
contribution to obesity (427). A study conducted by Lee et al. stated that 
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simultaneous exposure to various POPs might contribute to the development of 
obesity, dyslipidemia and insulin resistance through contributing to excess adiposity 
and other characteristics of dysregulated metabolism (423). Cupul-Uicab et al. 
(2013) found no clear association between children (N=1915) of the U.S. 
Collaborative Perinatal Project (CPP) of mothers with relatively high exposures to 
OC pesticides (p,p’-DDE, β-HCH, HCB, trans-nonachlor, oxychlordane) based on 
analysis of serum and obesity or BMI (428). 
There have been many studies examining exposure to OC pesticides and 
reproductive outcomes; the results heve been mixed. A case-control study reported 
a potential relationship between maternal serum levels of p,p’-DDE (22 vs.12 ppb) in 
blood and the risk for spontaneous abortion (429). Studies showed a positive 
relationship between maternal levels of DDT and its metabolites in serum and 
prematurity (median p,p’-DDE 40 µg/L, median DDT 11 µg/L) (430). In a population-
based birth cohort study, Forns et al. (2012) found that prenatal exposure to p,p'-
DDE or HCB (median maternal blood content 119 ng/g lipid and 43.4 ng/g lipid, 
respectively) is not associated with early neuropsychological development in 1391 
mother-child pairs (431). Sagiv et al. (2007) reported no associations between cord 
blood levels of p,p'-DDE or HCB with any measures of birth size in a cohort of 722 
infants born between 1993 and 1998 to mothers residing near a PCB-contaminated 
site in the U.S. (432). Bush et al. noted levels of p,p′-DDE (0.4 ppb) in the semen of 
men with and without fertility problems (433), suggesting this level of exposure does 
not contribute to loss of male fertility.  
Of particular note, exposure to OC pesticides has been linked to metabolic 
disturbances, including T2D (434), and this will be explored in detail in Chapter 3. Of 
importance, this positive relationship between OC pesticides and risk for T2D was 
recently reported in a population of consumers of Great Lakes sport fish (435).   
Some of the mechanisms for the neurotoxicity of OC pesticides include their 
affinity for the α-subunit of the sodium channels in neurons, which prevents them 
from closing, resulting in repeated firing of action potentials (436). There is also 
evidence that OC pesticides bind directly to the peroxisome proliferator activated 
receptors (PPARs), ligand-activated transcription factors belonging to the nuclear 
receptor superfamily, and thus OC pesticides could activate many genes involved in 
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lipid metabolism. These changes involve increased lipid oxidation, decreased 
triglyceride accumulation and alterations in glucose metabolism. Mechanistically, 
estrogens receptors (ERs) and estrogens contribute to the development of obesity 
as they regulate some aspects of metabolism, such as glucose transport, glycolysis, 
mitochondrial activity and fatty acid oxidation (437). Thus, ligands for the ER (such 
as OC pesticides and some PCB metabolites) may play a role in the control of 
adipogenesis, weight gain and insulin levels. As ERs are expressed in pre-
adipocytes, estrogens and other chemicals binding to ERs may contribute to an 
increased number of adipocytes during development (438). Toxicity can be caused 
directly through oxidative stress and cellular death and also indirectly through 
modification of gene transcription by interference at the genetic or epigenetic level.  
The adverse health effects associated with OC pesticides are related to their 
ability to disrupt (through inhibition or enhancement) hormones, enzymes, and 
neurotransmitters and to induce genes involved in metabolism. Interindividual 
variations between humans can impact the toxicological endpoint of an OC 
pesticide.  
2.4.2 Polychlorinated Biphenyls (PCBs) 
2.4.2.1 General Overview and Sources of Exposure 
Manufactured since 1929, PCBs were used throughout the world in many industrial 
and commercial applications including in electrical capacitors and transformers, as 
plasticizers, and as hydraulic and heat exchange fluids (439). PCBs are no longer 
produced in North America, however they were produced in large quantities for more 
than 50 years and the more lipophilic congeners persist in the environment and as 
tissue residues in humans (439). PCBs have been restricted in many countries and 
are targeted for elimination under legal instruments such as the Stockholm 
Convention (338).  
There are many facets that contribute to the complexity of determining a 
health risk assessment from exposure to PCBs. PCBs were commercially produced 
as complex mixtures containing many congeners, with varying numbers of chlorine 
atoms. For example, Arochlor 1260 is a complex chemical mixture used in electrical 
equipment where the average degree of chlorination was 60%. The components and 
	  	  
58	  
proportions of PCB congeners in commercial mixtures differed, making interpretation 
of adverse health effects more difficult. There are 209 possible congeners of PCBs, 
with a maximum total of 10 chlorine atoms; in general, the greater the degree of 
chlorination the more persistent the congener in the environment. The half-life of 
PCBs in humans varies according to the specific congener and ranges from 1 day to 
70 years (439).  
The levels of individual PCB congeners in tissues including blood may vary by 
source of exposure, as well as by individual differences in toxicokinetics. From a 
mechanistic standpoint, a PCB’s structure determines its ability to interact with 
nuclear or cytosolic receptors. Mechanisms of action of different congeners can be 
antagonistic or synergistic, complicating risk assessment. Due to their structure (i.e. 
non-ortho- and mono-ortho-substituted), some PCBs have similar mechanisms of 
action to dioxin (2,3,7,8-tetrachlorodibenzo-p-dioxin; TCDD) and dioxin-like 
compounds. Dioxin-like PCB congeners (DL-PCBs; i.e. PCB 77, 81, 105, 114, 118, 
123, 126, 156, 167, 169 and 189) bind to the cytosolic aryl hydrocarbon receptor 
(AHR) with different affinities (440), inducing pleiotropic gene expression (increasing 
or decreasing the levels of many gene products). The AHR is a ligand-activated 
transcription factor, which controls the expression of cytochrome P450 1A and 1B 
genes, amongst many others. The toxicological activity of any compounds that bind 
to the AHR is evaluated using an approach called the toxic equivalency factor (TEF), 
a scale that evaluates its activity relative to TCDD. The TEFs are based on findings 
from many studies conducted in varying experimental settings and with multiple 
species. It can be used to evaluate cumulative effect of complex mixtures, because 
the TEFs can be summed (441). 
A majority of the risk assessments on PCBs focus on the DL-PCB congeners, 
however non-dioxin like congeners (NDL-PCBs) are highly environmentally 
prevalent (442). The known mechanisms of action structure of non-coplanar PCBs 
(NDL-PCBs) include the ability to act as ligands for the nuclear receptor family of 
transcription factors (443) and ability of some of these congeners  to inhibit AHR-
mediated activation or signalling (444). Many NDL-PCB congeners show estrogenic 
or neurotoxic behaviour, for which the mechanism of action is not fully elucidated. 
For example, a few hydroxylated metabolites of PCBs are weak estrogen receptor 
	  	  
59	  
agonists and have an endocrine disrupting effect (445). Thus, it is important to 
assess the hazard of NDL-PCBs as well as the DL-PCBs, to inform a full risk 
assessment. The rate of metabolism of each PCB congener is highly dependent on 
the chlorine substitution pattern on the biphenyl ring. It is difficult to determine a 
health risk from PCBs only, due to the presence of other fat-soluble chemicals such 
as the OC pesticides. Thus, knowing the dose response and mechanisms of toxicity 
for individual congeners and other OC pollutants, both singly and in combination, is 
critical for accurate risk assessment. 
A study by Drouillard et al. (2006) demonstrated that in sediments of the 
Detroit River, the river that connects Lake Erie to Lake St. Clair, the sum of PCB 
congeners is significantly elevated in stations in the U.S. compared to Canadian 
stations suggesting multiple inputs along the upper U.S. portion of the river (446). 
The threshold effect level (59.8 ng/g dry weight) for PCBs in sediment quality 
guidelines were exceeded in some areas. It is noted that disturbance of these 
sediments is possible; contributing to a re-distribution of PCBs (and Hg) in the lakes 
it connects. However, as with OC pesticides, there were dramatic reductions in PCB 
levels in the Detroit River-Western Lake Erie basin between the late 1970s and the 
mid-1990s, including declines in PCB levels in smelt and walleyes (405). There are 
still areas of concern within the Great Lakes, the Detroit River being one, because of 
elevated PCB concentrations in sediment. Hereagain, environmental PCB 
concentrations seem to have reached a plateau and additional decreases have not 
been observed in more recent years (447).  
During the Cold War, in the 1950s, military radar stations, called the Mid 
Canada Line (MCL), were built across North America in response to a perceived 
increasing threat of a nuclear attack from Russia. Several of these stations were 
built along the west coast of James Bay in Mushkegowuk Territory. The radar sites 
were abandoned in the 1960s and left to decay without proper decommission. They 
are important local point sources for many contaminants including PCBs, Pb, 
asbestos, hydrocarbons and pesticides. The migration of contaminants from these 
sites to the surrounding ecosystems is a major concern within surrounding 
communities, particularly those like the AttFN that rely on local traditional food as a 
very important part of their diet. Derelict buildings, radar towers, fuel tanks, metal 
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drums and a variety of other equipment still remain at these still not decommissioned 
sites. Attawapiskat, a subject area of this thesis,  is the closest community to former 
MCL Site 415, Cape Henrietta Maria, located approximately 150 km to its south. 
Past studies have indicated an estimated 200 m3 of soils contaminated with PCBs 
over 50 ppm at MCL 415, the limit considered for ‘hazardous’ waste. An additional 
500-600 m3 of soil, though not deemed ‘hazardous’ waste, contained 5-50 ppb of 
PCBs (448). In a study by the Mushkegowuk Environmental Research Centre 
(2007), soil was found that was extensively contaminated with PCBs in the 5-50 
mg/g (5-50 parts per thousand; ppt) range (449). Consistently elevated levels of 
PCBs in plants were also reported, indicating another source of potential exposure 
to humans. On the other hand, a study of PCB levels in waterfowl along the Western 
James Bay Coast, near Cape Henrietta Maria identified low levels in Canada geese, 
mallards and northern pintails, and trace amounts in snow geese (450), but these 
are all migratory birds spending a minority of their time in the far north. Fort Albany, 
former MCL site 050, is home to a reserve approximately 100 km southeast of 
Attawapiskat. In 2001, this was the first MCL site to be remediated. Extremely high 
levels of PCBs were discovered in soil (21,000 ppm; 21 ppt) and in vascular plants 
(550 ppm). The amount of PCB contamination at this site seems to be decreasing 
since the removal of the terrestrial source of PCBs during remediation. This PCB 
decrease was demonstrated by monitoring body burden of leeches at MCL 50 and a 
control site (451). 
PCBs readily cycle between air, water and soil. They are released into the 
atmosphere during the incineration of municipal waste, coal and refuse combustion; 
by volatization from landfills containing items such as transformers, as well as by 
vaporization from the surface of contaminated water bodies.  Once in the air, PCBs 
travel far distances, with the smaller congeners traveling the furthest; these PCBs 
eventually return to land, settling as dust or in rain/snow. Food is thought to be the 
most significant route of exposure for humans to many of the OC pesticides and 
PCBs. In particular, sports fish are considered the main pathway of exposure for 
non-indigenous citizens in the Great Lakes Basin (65, 66). 
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2.4.2.2 Health Effects  
There were two mass PCB poisonings in Asia that occurred a decade apart (1968, 
1979) where people consumed contaminated rice oil. It is estimated that some 
people consumed up to 1 gram of PCBs, almost 1,000 times typical ingestion levels 
of PCBs in the U.S. It is reported that 1,700 people in Japan (termed Yusho, or oil 
disease) and 2,000 people in Taiwan (termed Yucheng disease) were poisoned. 
Body burdens of PCBs and manifestations of exposure were similar between the two 
tragedies although severity of outcomes was worse for Yucheng (452, 453). 
Most data on the adverse health effects of these PCB poisonings focus on 
those most severely impacted (as reviewed by (453)). Skin disturbances such as 
chloracne and hyperpigmentation were primary manifestations of both poisonings. 
Ocular abnormalities, nervous system impacts, altered immunity and liver function 
disturbances were also seen. Children born to exposed mothers had lower birth 
weights, lower scores on intelligence tests, and showed disordered behaviour 
relative to control children (454). There was increased mortality for respiratory tract 
and liver cancers reported 43 years after the poisonings (455). Subsequently, PCBs 
were classified as probable human carcinogens by the IARC (456).  
There are a number of adverse health effects associated with exposure to 
PCBs including cardiovascular, hepatic, endocrine, immunological, neurological, 
reproductive, developmental problems, and cancer. Plasma triglyceride levels 
increased significantly as serum PCB levels increased in occupational studies of 
exposed workers (mean total PCBs 17.2 -33.4 µg/L (ng/mL; ppb) wet weight in 
blood) (457, 458). This relationship warrants further investigation to determine 
whether exposure to PCBs causes the elevation of serum lipids, or whether the 
elevation of serum lipids due to other causes leads to the elevation of serum PCBs. 
(Considerations such as this are the reason that POPs concentrations in blood are 
now expressed as ng/g lipid weight rather than ng/g wet weight. In this case the 
above problem could be solved easily by the calculation of total fat and total PCBs). 
Gender or pregnancy-related effects, differences in PCB composition and whether or 
not the data have been normalized for lipid content account, at least in part, for the 
	  	  
62	  
discrepancy between the results of the occupational and background-exposure 
studies. 
In animals, exposure to PCBs is associated with hepatic alterations including 
liver enzyme induction and liver enlargement (439). However, there are no clear 
indications in human populations that this occurs at low dose exposures. In a study 
conducted in 1981, serum levels of total PCBs (mean = 17.2 ng/mL wet weight; ppb) 
were shown to be positively correlated to serum gamma glutamyl transpeptidase (a 
liver enzyme involved in the biosynthesis of glutathione, an extremely important 
molecule for xenobiotic detoxication) activity, serum cholesterol and blood pressure, 
but not alanine aminotransferase (ALT) or bilirubin content (measures of liver 
function), independently of age, alcohol or fish consumption (459). However, heavy 
fish eaters in Sweden with significantly higher levels of total PCBs (up to 3.6 ng/mL 
wet weight; ppb) had no significant differences in serum levels of liver enzymes or 
bilirubin compared to men with very low (virtually no) fish consumption (460). In an 
epidemiologic study of several cohorts of Native Americans, serum PCB levels 
(mean 3.7 ng/mL wet weight; ppb); maximum 9.6 ng/mL wet weight) were correlated 
with self-reported diabetes and liver disease in two of three First Nation cohorts. 
Average fish consumption in these populations was 23 g/day (461).  
The literature suggests a link between PCB exposure and disturbances in 
thyroid hormones depending on different PCB mixtures and exposure types. 
However, both positive and negative relationships have been found. Elevated levels 
of PCBs in the Yucheng cohort were associated with an increased risk for 
developing a goiter (462). Many studies were done near a former chemical plant in 
Eastern Slovakia with very high levels of PCBs in the environment (i.e. 100-1,700 
ng/m3 in air, 6-92 ng/L in water, 1.6-6 µg/g (ppm) in sediment; average level of 
375,000 ng/mL lipids in fish, average 12,300 ng/mL lipid in human adipose tissue) 
(463). One study found that increased thyroid volume and indicators of potential 
thyroid dysfunction were associated with long-term environmental exposure to PCBs 
(average PCB levels of 10,000 ng/mL lipid) (464). In this region of the world, PCB 
exposure, in concert with OC compounds, has been associated with several 
subclinical and overt thyroid and metabolic disorders, which may be 
transgenerational (465-467). A significant positive association was seen between 
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PCB 118 (geometric mean = 0.03 ng/mL wetweight blood) and levels of thyroid 
stimulating hormone (TSH) in children (468).  
Exposure to PCBs is implicated in immunotoxicity, causing increased 
susceptibility to respiratory and middle ear infections and decreases in circulating 
antibodies and monocytes. Early life exposure to PCBs and other OC compounds 
have been linked to disturbances of respiratory and immune system development 
(469). The infants of a group of Inuit women with elevated body burdens of PCBs, 
who had increased exposure of PCBs from their mothers’ breast milk, had higher 
risk for middle ear infections (470).  
A major concern surrounding exposure to PCBs is that they are transferred to 
the developing fetus, breast milk and placenta, a potential cause of neurological 
damage (471). There is substantial evidence that exposure to PCBs (women with 
body burdens at background levels) plays a role in subtle neurological alterations 
(such as abnormal reflexes, deficits in memory, learning and IQ) (439). However, an 
important confounder here is that high PCB exposures from fish consumption are 
accompanied by high exposures to neurotoxic MeHg. Of particular note, prospective 
studies of Great Lakes fish consumers (approximately 2-3 lake trout or salmon a 
month) found significant associations with neurodevelopmental toxicity at birth, and 
continuing later in life (472-477). Although it is not known which specific congeners 
act as neurodevelopmental toxicants in humans, they are presumably NDL-PCBs. A 
study conducted on aging consumers of Lake Ontario fish, found serum PCB levels 
were elevated in consumers (>24 pounds /year; 16 ng/mL wet weight) compared to 
non-consumers (<6 pounds/year; 6.2 ng/mL wet weight), and elevated PCB 
exposure was associated with deficits in measures of memory and learning (478). 
Prenatal exposure to PCBs from consumers of Great Lakes fish has also been 
associated with reduced birth weight, head circumference and gestational age as 
well as body weight at age 4 years (472). However, in another study of Great Lakes 
fish consumers, fish consumption showed no effect on birth weight or head 
circumference, perhaps indicative of the beneficial effects of certain fatty acids in fish 
(477).  
There are some reported effects of PCB exposure on reproductive outcomes, 
including menstrual disturbances and effects on sperm morphology and motility. In 
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the New York Angler Study, consumption of more than one Lake Ontario meal of fish 
per month was associated with significant reductions in mean menstrual length of  
>1 day (479). PCB 205 and 206 were significantly associated with increasing time to 
pregnancy of women (480, 481) in Lake Ontario fish consumers. Increased PCB 
levels (mean PCB 153 level of 68 ng/mL lipid weight) have been correlated with 
reduced sperm mobility and morphology (482-484). These could be indications of 
decreases in testosterone levels, which were seen in some studies of exposure to 
PCBs (485). There are mixed results reported for the impact maternal PCB exposure 
has on birth weight of infants, some showing increased weight, some decreased 
weight or no effect at all (486). Maternal miscarriage was found to be linked to higher 
levels of PCB 153 and p,p'-DDE exposure in one study (487), but not in another 
(488). PCB exposure appears to be inversely related to sperm motility in several 
studies (reviewed in (489)). 
PCBs are classified as probable (group 2A) carcinogens by IARC with links to 
liver, biliary tract, intestinal and skin cancers (456). Several OC pesticides (i.e. DDT, 
HCB, mirex and chlordane) are classified as possible (group 2B) carcinogens by 
IARC (406). Many POPs act as tumour promoters, through the generation of ROS 
and alterations in gene expression (406, 439, 456). 
Several recent reviews have confirmed there is substantial evidence for a 
positive association between exposure to POPs including PCBs and the incidence of 
T2D (490-493). Zeliger (2013) states that the induction of T2D is, at least in part, due 
to sequential exposure to levels of lipophilic and hydrophilic environmental pollutants 
that are much lower than those currently believed to be toxic (493). One review 
noted that obesity is not related to T2D in persons with very low serum 
concentrations of POPs, suggesting a more fundamental role in the pathogenesis of 
T2D (491). A meta-analysis was performed and pooled results of plasma HCB and 
total PCB concentrations were positively associated with incident T2D with pooled 
odds ratio (OR) of 2.0 and 1.70, respectively (494). However, Everett et al. (2011) 
also reviewed the relationship between PCBs and T2D and found that there are 
mixed results in the literature with some studies reporting positive associations 
between T2D or hypertension and certain PCB congeners or classes, while those 
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same studies show no association between T2D or hypertension with several other 
PCB congeners (495).  
A very recent study by Kim et al. (2014) noted that concentrations of POPs 
were strongly correlated between visceral (VAT) and subcutaneous adipose tissue 
(SAT). However, PCB concentrations were consistently about 5- to 10-fold higher in 
VAT than SAT, independent of diabetes status (496). They also showed that some 
POPs (i.e. DDT and its metabolites, chlordanes, and PCBs with 5 or less chlorines) 
showed significant associations with T2D or insulin resistance (496) . Arrebola et al. 
(2013) found that the 2nd and 3rd tertiles of p,p'-DDE exposure (45.6-155 ppb lipid 
weight and >155 ppb lipid weight, respectively) in adipose tissue were positively 
associated with the risk of T2D in a population from Spain (OR 3.6 and 4.4, 
respectively) adjusted for adipose tissue origin, sex, age, and BMI. Also they found 
that the risk of T2D increased with tertiles of p,p’-DDE exposure in a linear manner 
in non-obese subjects but not in a linear manner in the obese, where an inverted U-
shape dose response was instead observed (497). Impaired insulin secretion 
appears to be an important part of T2D pathogenesis associated with exposure to 
POPs in an elderly population living in the Faroe Islands who consume pilot whale 
and other traditional foods (498).  
Lee et al. (2011) measured 19 POPs in plasma from participants aged 70+ 
years and found that there is increased OR for T2D after adjusting for other known 
T2D risk factors (499). The importance of background exposure to POPs and the 
development of T2D was also studied by Lee et al. (500) who found that 
simultaneous exposure to various POPs (8 OC pesticides, 22 PCBs, and 1 
polybrominated biphenyl (PBB)) in the general population may contribute to 
development of common precursors to T2D (i.e. obesity, dyslipidemia, and insulin 
resistance). Significant associations of low doses of POPs with disturbances in 
metabolic conditions were seen, forming inverted U-shaped dose-response 
relationships (500).  
Studies conducted with experimental animals support the possibility that 
lipophilic chemicals that accumulate in fatty tissue disrupt cellular function and 
metabolic homeostasis. Gray et al. (2013) demonstrated a causative association 
between PCB exposure and obesity-induced insulin resistance and 
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hyperinsulinemia, independent of body weight changes in mice (501). Coplanar DL- 
PCBs (i.e. PCB 77 or 126) were found to impair glucose homeostasis in lean mice 
and to mitigate beneficial effects of weight loss on glucose homeostasis in obese 
mice. Antagonism of the AHR eradicated in vitro and in vivo effects of PCB 77 (502), 
validating the role of AHR signalling in the response to PCB 77. In cultured rat 
Sertoli cells, Gao et al. found that PCB 153 induced oxidative stress could increase 
cell death via apoptosis, an apparent explanation for attenuated insulin secretion 
(503).  
This relationship between exposure to PCBs and other POPs and an 
increased risk for T2D is tremendously important in any consideration of the adverse 
health effects of POPs in First Nations and this will be discussed in much more detail 
in Chapters 3 and 5. 
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3.0 QUANTIFYING HEALTH RISKS FROM EXPOSURE TO ENVIRONMENTAL 
CONTAMINANTS 
Chapter 3 presents a systematic review and meta-analysis on the relationship 
between exposure to persistent organic pollutants (POPs) and Type 2 diabetes 
(section 3.1; manuscript 1). Recommendations are presented in section 3.2. 
3.1 Manuscript 1: Henley P, Hill J, Moretti ME, Jahedmotlagh Z, Schoeman K, 
Koren G and Bend JR. Relationships Between Exposure to Polyhalogenated 
Aromatic Hydrocarbons and Organochlorine Pesticides and the Risk for 
Developing Type 2 Diabetes: A Systematic Review and a Meta-analysis of 
Exposures to 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). Toxicological & 
Environmental Chemistry. 2012;94:814-845. 1 
3.1.1 Background 
Type 2 diabetes (T2D) is one of the fastest growing epidemics worldwide (1-6). Of 
great concern, T2D is affecting people at younger ages than ever before (7). In 
1985, an estimated 30 million people had diabetes increasing to 171 million in 2000 
and this disease is projected to affect 366 million people by 2030 (8). 
Traditional risk factors such as a rise in obesity frequency related to changes 
in diet and physical inactivity are major contributors to this rapid increase in 
prevalence of T2D. However, other factors such as population growth, aging and 
urbanization may also be contributing (9).  An increase in pollution in concert with 
these factors enhances the potential for exposure to environmental contaminants, 
which may be contributing, to T2D disease burden, an emerging relationship that 
has drawn much attention. 
Polyhalogenated aromatic hydrocarbons (PHAHs) and organochlorine (OC) 
pesticides belong to a group of chemicals known to act as persistent organic 
pollutants (POPs). These are lipophilic compounds, which accumulate and remain in 
the environment and in human tissue. They are ubiquitous because of their 
widespread use, their stability and long-range atmospheric transport. Certain POPs 
                                                
1 This Chapter has been published. Taylor & Francis offer reuses of its content for a thesis.  
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have been identified as carcinogenic, mutagenic and/or teratogenic (10). This group 
of compounds includes polychlorinated biphenyls (PCB), polybrominated biphenyls 
(PBB), polychlorinated dibenzofurans (PCDF), polychlorinated dibenzodioxins 
(PCDD), chlorinated benzenes, polychlorinated naphthalenes (PCN) and OC 
pesticides such as DDT. The PCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is 
one of the best-studied PHAHs and is one of the most toxic anthropogenic 
compounds known (11). Agent Orange, a herbicide containing 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T) used during the Vietnam War, was found to be 
contaminated with TCDD. There are many well-known, yet controversial, adverse 
health effects attributed to exposure to TCDD including birth defects (12). However, 
the legacy of Agent Orange continues because adverse health effects are still 
appearing. In particular, some studies demonstrated positive associations between 
TCDD used in Vietnam and an increased incidence of T2D (13-15). This relationship 
was shown not to be related to the rate of elimination of TCDD from these veterans 
(16). The precise means by which PHAHs and OC pesticides might induce T2D 
remains unclear; however, there are several plausible mechanisms that have been 
proposed independent of the rate of elimination of TCDD in diabetics vs non-
diabetics. This point is significant in that it has been reported in the literature that the 
diabetic phenotype is associated with less elimination and more accumulation of 
PHAHs and OC pesticides so that increased tissue concentrations of PHAHs would 
be an effect of diabetes, not a potential cause (17). 
T2D was initially associated with PHAHs and OC pesticides in individuals who 
were occupationally exposed. In a study by Wong and colleagues (1984), PHAHs 
were found to be positively associated with the risk of developing T2D in individuals 
who worked and were exposed at three manufacturing plants (18). In a cohort of just 
under 3600 male chemical workers employed between 1935 and 1976, diabetes 
was found to be the only cause of death that exceeded that of the comparative 
group (18). Subsequently, a number of scientific reports appeared that evaluated the 
relationship between exposures to PHAHs and OC pesticides and T2D in the 
general public experiencing environmental exposures. This includes investigations of 
both accidental and recurring occupational-like exposure events. The former include 
an accident at a trichlorophenol plant in Germany (19) and the Seveso Incident in 
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Italy, an industrial accident resulting in the highest known exposures of a large group 
of individuals to TCDD (20). Recurring, occupational-like exposures occurred in 
Operation Ranch Hand during the Vietnam War (13-16). Chronic environmental 
exposures have also been investigated in highly contaminated areas of Eastern 
Slovakia and in the general U.S. population using the National Health and Nutrition 
Examination Survey (NHANES) dataset (21-23). While some of these studies found 
significant positive associations between exposure concentrations of PHAHs and/or 
OC pesticides and an increased frequency of T2D and other dysglycemias, other 
investigations did not.  
Historical and current exposures to PHAHs and OC pesticides (in 
combination with other critical risk factors such as a high-fat diet, obesity and lack of 
exercise) are perhaps contributing to an increased incidence of T2D. The objective 
of this systematic review was to determine whether the existing evidence defines a 
positive association between environmental and/or occupational exposure to PHAHs 
and OC pesticides and the risk for T2D development. 
3.1.2 Methods 
3.1.2.1 Search Strategy, Study Selection and Data Extraction 
A systematic review was performed to retrieve all published articles involving T2D 
and exposures to PHAHs and OC Pesticides. This review followed the guidelines of 
the Meta-Analysis of Observational Studies in Epidemiology (MOOSE) group (24). 
Searches were independently conducted by the investigators using the electronic 
databases EMbase, Google Scholar, Medline and Scopus from the inception of the 
database up to December 20, 2010.  Each individual PHAH and OC pesticide from 
the inclusion criteria was searched by both abbreviated and full name (e.g. PCB and 
polychlorinated biphenyl) and type 2 diabetes.  The search was repeated using 
diabetes in place of type 2 diabetes. The reference lists of all retrieved studies 
including reviews were examined for articles not identified by the search strategy. 
Studies in all languages were included. 
Two reviewers screened the articles, concentrating on the Methods for 
inclusion. A third reviewer would arbitrate any discrepancies between the two 
reviewers.  
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The aim was to review all original studies that met the following inclusion 
criteria: 
1. Type 2 diabetes as the endpoint. 
2. Use of a control or comparison group. 
3. A sample size larger than 10.   
4. Human studies only. 
5. Studies that specifically evaluated the following classes of 
polyhalogenated aromatic hydrocarbon chemicals  (PHAHs): 
polychlorinated dibenzodioxins (PCDDs), including 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD); polychlorinated dibenzofurans 
(PCDFs); polychlorinated biphenyls (PCBs); polybrominated biphenyls 
(PBBs); polychlorinated diphenyl ethers (PCDEs); polybrominated 
diphenyl ethers (PBDEs); polychlorinated naphthalenes (PCNs) as well as 
organochlorine (OC) pesticides. 
Articles were excluded if they met the following criteria: 
1. They were a case report or case study. 
2. The endpoint was type 1 diabetes or the type of diabetes was not defined. 
Emails were sent to authors of articles where the type of diabetes was not 
specified. These articles were considered to be relevant to our analysis if the authors 
responded that most diabetes cases reported were type 2; if the subjects of the 
studies were all adults; if the authors used a phenotypical diagnosis by high 
insulin/c-peptide levels and obesity in individuals with diabetic glucose values; and if 
individuals had high fasting serum glucose levels after reports that subjects had 
developed diabetes subsequent to exposure to PHAHs or OC pesticides. 
Information extracted from the included studies was year of publication, type of 
study, study and control group characteristics, diabetes diagnosis criteria, type of 
PHAH or OC pesticide involved, route and nature of exposure.   
Exposure was considered accidental when the participants were in direct 
contact with the PHAH and/or OC pesticide for a limited amount of time after an 
accident (although it is recognized that these chemicals have a long half-life in 
humans so internal exposure is not equivalent to short term) and was considered 
recurring or chronic when the participants were being exposed environmentally or 
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occupationally to the contaminant for a period longer than a year. Most participants 
in the studies included in our review had been registered as having experienced the 
exposure by a health database or insurance group and therefore had been 
contacted by the study investigators to participate.  In almost all cases, 
concentrations of PHAHs or OC pesticides were measured in the blood of 
participants.  
3.1.2.2 Meta-Analysis 
Data from published articles were extracted into 2 x 2 tables with type 2 diabetes as 
the only outcome examined. It was noted that some of the studies described 
accidental exposure, whereas others concerned recurring, occupational-type 
exposure. Consequently, subgroup analysis was performed to determine if risks 
were different between occupational and “accidental” exposure types. Statistical 
analysis was performed using Cochrane’s Review Manager (version 4.3, Oxford: 
Cochrane Collaboration).  Heterogeneity of effects was assessed using I2 statistics 
and the data were visualized on a forest plot.  For all statistical analysis, a p value < 
0.05 was considered to be significant.  
3.1.2.3 The Naranjo Adverse Drug Probability Scale 
The Naranjo Scale is a systematic method that has been validated to assess the 
causality of adverse drug reactions (ADR) (25). We modified the Naranjo Scale for 
environmental contaminants by excluding those questions that are not relevant for 
environmental exposures and applied it to all included articles in this review, 
although the Naranjo Scale has not been validated for this purpose (Table 3.1.1). 
The Naranjo ADR Scale is typically scored out of 13, however after we modified it for 
use with environmental contaminants it was scored out of 8.  For our purposes the 
same ratio was used to determine the scoring by the modified Naranjo Scale for 
causality of adverse effects by environmental contaminants: definite ≥ 5.5/8, 
probable 3.0/8 to 5.4/8, possible 0.6/8 to 2.9/8, doubtful ≤ 0.6/8. 
3.1.2.4 Assessment of Quality of Articles 
The included articles were analyzed for quality by the same investigator using the 
Methodological Index for Non-randomized Studies (MINORS) (Table 3.1.2).  
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Question 
 
Yes No Do 
not 
know 
Score 
1. Are there previous conclusive reports on this 
reaction? 
+1 0 0 0  to 
+1 
2. Did the adverse event appear after exposure to the 
environmental contaminant(s)? 
+2 -1 0 -1  to 
+2 
5. Are there alternative causes (other than the 
environmental contaminant(s)) that could have on their 
own caused the reaction? 
-1 +2 0 -1  to 
+2 
7. Was the environmental contaminant(s) detected in 
the blood (or other fluids) in concentrations known to be 
toxic?  
+1 0 0 0  to 
+1 
8. Was the reaction more severe in people with higher 
concentrations of the environmental  
contaminant(s) in their blood (or other fluids), or less 
severe in people with lower concentrations of the 
environmental contaminant(s) in their blood (or other 
fluids)? 
+1 0 0 0  to 
+1 
10. Was the adverse event confirmed by any objective 
evidence? 
+1 0 0 0  to 
+1 
                                   Total Score    -2 to 
+8 
 
Table 3.1.1 Naranjo Adverse Drug Reaction Scale (25) modified to assess causality 
of adverse events due to exposure to environmental contaminant 
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Criteria 
Reports 
Adequate 
Answer 
Reports 
Inadequate 
Answer 
Does 
Not 
Report 
Score 
1. Clearly stated aim: the question 
should be precise and relevant in the 
light of available literature. 
2 1 0 0 - 2 
2. Inclusion of consecutive patients: 
all patients potentially fit for inclusion 
(satisfying the criteria for inclusion) 
have been included in the study 
during the study period (no exclusion 
or details about the reasons for 
exclusion) 
2 1 0 0 - 2 
3. Prospective collection of data: 
data were collected according to a 
protocol established before the 
beginning of the study. 
2 1 0 0 - 2 
4. Endpoints appropriate to the aim 
of the study: unambiguous 
explanation of the criteria used to 
evaluate the main outcome, which 
should be in accordance with the 
question addressed by the study. 
Also, the endpoints should be 
assessed on an intention-to-treat 
basis. 
2 1 0 0 - 2 
5. Unbiased assessment of the study 
endpoint: blind evaluation of 
objective endpoints and double-blind 
evaluation of subjective endpoints. 
Otherwise reasons for not blinding 
should be stated. 
2 1 0 0 - 2 
6. Follow-up period appropriate to 
the aim of the study: the follow-up 
should be sufficiently long to allow 
the assessment of the main endpoint 
and possible adverse events. 
2 1 0 0 - 2 
7. Loss to follow up less than 5%: all 
patients should be included in the 
follow-up. Otherwise, the proportion 
lost to follow-up should not exceed 
the proportion experiencing the 
major endpoint. 
2 1 0 0 - 2 
8. Prospective calculation of the 
study size: information of the size 
detectable difference of interest with 
2 1 0 0 - 2 
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a calculation of 95% confidence 
interval, according to the expected 
incidence of the outcome event, and 
information about the level for 
statistical significance and estimates 
of power when comparing the 
outcomes. 
Additional criteria in the case of 
comparative study 
    
9. An adequate control group: having 
a gold standard diagnostic test or 
therapeutic intervention recognized 
as the optimal intervention according 
to the available published data.   
2 1 0 0 - 2 
10. Contemporary groups: control 
and studied group should be 
managed during the same time 
period (no historical comparison). 
2 1 0 0 - 2 
11. Baseline equivalence of groups: 
the groups should be similar 
regarding the criteria other than the 
studied endpoints. Absence of 
confounding factors that could bias 
the interpretation of the results. 
2 1 0 0 - 2 
12. Adequate statistical analyses: 
whether the statistics were in 
accordance with the type of study 
with calculation of confidence 
intervals or relative risk. 
2 1 0 0 - 2 
                                       Total score    0 - 24 
 
Table 3.1.2 Methodological Index for Non-randomized Studies (MINORS) (27) 
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MINORS is a validated methodological index to assess the quality of non-
randomized, observational studies (26). Two points are given for each question if the 
article reports and provides an adequate answer to the issue under consideration; 
one point is given if the article reports on the issue but the answer is inadequate; 
and no points are given if the article does not report the answer. The global ideal 
score is out of 24 for comparative studies with a higher score representing greater 
quality. The qualitative assessment of studies that found positive associations 
between exposures to PHAHs and OC pesticides and the incidence of T2D was 
compared with the qualitative assessment of studies that did not find associations. 
The mean MINORS score of the articles that reported positive associations was 
compared to those that did not; and the mean MINORS score of accidental exposure 
studies was compared to those of recurring occupational exposure studies by 
Student’s t test.   
3.1.3 Results 
A total of 121 articles were identified. Thirty-five articles met our inclusion criteria 
and their characteristics, including the concentrations of PHAHs and OC pesticides 
in blood and type of study, are described in Table 3.1.3. The studies are listed from 
the highest to lowest ranked based on our modified Naranjo Score. The 35 reports 
included studies that are either retrospective or prospective cohort studies, cross-
sectional studies or case-control studies. Eight of the studies that found positive 
relationships with T2D with all contaminants measured are cohort studies (4 
retrospective, 4 prospective), 9 are cross-sectional and two are case-control studies. 
Three of the 5 studies that did not find a relationship or found a negative relationship 
between PHAHs and OC pesticides and T2D were retrospective cohort studies 
whereas 2 are cross-sectional. Twenty-one of these studies explicitly stated T2D 
was the only end-point measured while the other 14 articles evaluated other 
morbidities/mortalities including metabolic syndrome and pre-diabetes in addition to 
T2D. Because the included studies evaluated many different chemicals, it was 
judged impossible to combine all studies into a formal meta-analysis. However, 6 
studies focused specifically on TCDD and it was possible to conduct a meta-analysis 
with them. The other studies were analyzed qualitatively and quantitatively.   
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Table 3.1.3 Characteristics, including blood concentrations of PHAHs and OC 
pesticides, in all of the studies (35) that met the inclusion criteria for this systematic 
review 
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3.1.3.1 Meta-Analysis of TCDD Studies 
Although 7 studies focused specifically on TCDD, only 6 met our inclusion criteria 
(13-15, 19, 20, 28). The 7th study did not report T2D incidence in referent 
populations and was excluded from the meta-analysis (29). Two of the studies report 
outcomes following accidental exposure, whereas the other 4 report on 
occupational-type recurring exposures. Consequently, subgroup analysis was 
performed to determine if risks were different between the accidental and recurring 
occupational exposure types. When assessing for heterogeneity, the I2 test for all 6 
studies demonstrated they were not homogeneous (I2=96%; Figure 3.1.1), 
suggesting that subgroup analysis may be relevant. Subgroup analysis, I2=0% for 
the accidental exposure studies (Figure 3.1.2) and I2=60% (Figure 3.1.3) for the 
manuscripts analyzing recurring occupational-like exposures, decreased the 
heterogeneity in both cases. The results from the meta-analysis of the 6 TCDD and 
T2D studies showed no increased odds for the development of T2D from exposure 
to TCDD (OR = 1.02; 0.55-1.90, 95% CI) (Figure 3.1.1). On the other hand, 
subgroup meta-analysis suggested increased odds for development of T2D if the 
exposure to TCDD is recurring occupational (OR = 1.48; 1.10-1.90) (Figure 3.1.3) 
and decreased odds for the development of T2D if the TCDD exposure is accidental 
(OR = 0.46; 0.39-0.52) (Figure 3.1.2). 
3.1.3.2 Systematic Review Using the Naranjo Score of Causality  
Although this is the first time the Naranjo Score has been modified and applied for 
environmental exposures and adverse health effects, it does provide insight into the 
relationship between PHAHs and/or OC pesticides and T2D.  The mean modified 
Naranjo Score (Tables 3.1.1 and 3.1.4) for the 6 TCDD only studies is 2.5 (of 8), 
indicating a possible association between TCDD exposure and T2D. The mean 
Naranjo score for the 21 articles that only included T2D as an endpoint was 2.1, also 
signaling a possible association between exposure to PHAHs and T2D. The mean 
Naranjo score for all 35 articles included in this review was 2.0, again indicative of a 
possible association. The detailed scoring for each study, listed from highest to 
lowest Naranjo Score, is shown in Table 3.1.4. Following is a precise consideration  
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Figure 3.1.1 Forest plot of the relationship between occupational-type recurring 
exposures to TCDD and the occurrence of diabetes (Heterogeneity: Chi2=129.61, 
df=5, p<0.00001, I2=96%) 
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Figure 3.1.2 Forest plot of the relationship between exposure to TCDD and the 
occurrence of diabetes for all included studies (Heterogeneity: Chi2=0.07, df=1, 
p=0.79, I2=0%) 
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Figure 3.1.3 Forest plot of the relationship between single industrial accident-
dependent environmental exposures to TCDD and the occurrence of diabetes 
(Heterogeneity: Chi2=7/55, df=3, p=0.06, I2=60%) 
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 Reference Q1 
Mark 
Q2 
Mark 
Q5 
Mark 
Q7 
Mark 
Q8 
Mark 
Q10 
Mark 
Total 
Mark 
1 Rignell-Hydbom 
(55) 
0 2 -1 1 1 1 5 
2 Morgan 0 2 -1 1 1 1 4 
3 Henriksen 0 2 -1 1 1 1 4 
4 Calvert 0 2 -1 1 1 1 4 
5 Turyk (48) 0 2 -1 1 1 0 4 
6 Zober  0 2 -1 1 0 1 3 
7 Lim  0 0 -1 1 1 1 3 
8 Ukrobec  0 0 -1 1 1 1 3 
9 Lee (46) 0 2 -1 1 0 1 3 
10 Vasiliu  0 2 -1 1 0.5 0 2.5 
11 Everett (27) 0 0 -1 1 1 1 2.5 
12 Turyk (49) 0 0 -1 1 1 0.5 2.5 
13 Everett (66) 0 0 -1 1 1 0.5 2.5 
14 Lee (39) 0 2 -1 0.5 0 1 2.5 
15 Son 0 0 -1 1 1 1 2.5 
16 Kang 0 0 -1 1 1 1 2 
17 Lee (21) 0 0 -1 1 1 1 2 
18 Montgomery 0 2 -1 0 0 1 2 
19 Uemura  0 0 -1 1 1 1 2 
20 Wang   0 0 -1 1 1 1 2 
21 Philibert 0 0 -1 1 1 0 2 
22 Airaksinen 0 0 -1 1 1 1 2 
23 Codru  0 0 -1 1 0.5 1 1.5 
24 Kim 0 0 -1 0 1 1 1 
25 Rylander 0 0 -1 1 1 0 1 
26 Fierens 0 0 -1 1 1 0 1 
27 Consonni 0 0 -1 1 0 1 1 
28 Rignell-Hydbom 
(67) 
0 0 -1 1 1 0 1 
29 Karouna-Renier  0 0 -1 1 0 1 1 
30 Jorgensen 0 0 -1 1 0 1 1 
31 Vena  0 0 -1 0.5 0 1 0.5 
32 Cox  0 0 -1 1 0.5 0 0.5 
33 Steenland  0 0 -1 0 0 1 0 
34 Glynn 0 0 -1 1 0 0 0 
35 Kouznetsova 0 0 -1 0 0 1 0 
 
Table 3.1.4 Modified Naranjo ADR Scale for environmental contaminants for all 
articles (35) that met the inclusion criteria for this review analysis  
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of the questions in the Naranjo Adverse Drug Probability Scale that were judged to 
be relevant to the assessment of adverse effects of environmental contaminants. 
1. Previous conclusive reports 
There are no conclusive reports amongst existing epidemiological studies regarding 
exposure to PHAHs and OC pesticides and the subsequent development of T2D. 
Although there are several studies showing positive trends, we felt there is 
insufficient evidence to give full marks to any of the studies so all studies received 0 
for question 1. This position is reinforced for TCDD in the most recent NAS report on 
Agent Orange (17).  
2. Type 2 diabetes appeared after exposure to PHAHs 
Most articles did not define whether diabetes developed before or after exposure to 
PHAHs and/or OC pesticides or it was not determined due to study design. The 
authors of several articles excluded individuals who reported having diabetes prior to 
the start of the investigation, or before the exposure period. 
5. Possible alternative causes (other than exposure to PHAHs) that may have 
on their own caused T2D 
For each included study, many factors other than exposure to PHAHs and/or OC 
pesticides may be causative for T2D.  Known risk factors for diabetes include 
obesity, race, gender, age, family history of diabetes, genetics, dietary and exercise 
habits and lifestyle. Although authors of these reports attempted to control for some 
of these confounding variables, it cannot be concluded that exposure to PHAHs 
and/or OC pesticides is the only contributor to the development of T2D. Therefore all 
studies were scored as -1 in this category.  
7. PHAHs were detected in the blood (or other tissues or fluids) in 
concentrations known to be toxic 
In general, members of the North American population have a baseline 
concentration of 1–2 ng/kg (ppt) per g lipid weight TCDD in blood (30).  Most 
individuals also have an existing low body burden of other PHAHs and OC 
pesticides, which complicates exposure considerations because they are normally to 
a complex mixture of chemicals. 
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Adverse effects from exposure to TCDD and other dioxin-like chemicals 
(PCDDs/PCDFs) have been reported at body burdens ranging from 10 to 500 ng/kg 
(31-35).  Due to the wide range of body burdens associated with TCDD toxicity and 
the diversity of adverse effects of this contaminant, articles that reported a body 
burden within this range (10-500 ng/kg) and associated with T2D were given full 
marks. It is known that biochemical and adaptive responses occur at body burdens 
that are an order of magnitude lower than those that produce toxicological effects. 
For example, T2D and alterations in insulin and glucose metabolism have been 
associated with dioxin levels only 10-fold higher than those reported within the 
general population (22, 36).   
Most studies reported the body burden of various PHAHs as serum 
concentrations above 5 ng/kg toxic equivalent quotients (TEQ)/kg body weight or 1-2 
ng/g bodyweight and were given full marks. Only one study did not report at least 
one subject with a PHAH concentration in plasma lipids above 5 ng/kg TEQ/kg body 
weight or above 1-2 ng/g  and it was assigned a score of 0 (15). Three of the studies 
did not report body burden levels of PHAHs or OC pesticides and were also 
assigned a score of 0 (29, 37, 38). Lee et al. (2010) reported most values below 1-2 
ng/g except for p,p-DDE and was thus given 0.5 mark (39). In Vena et al. (1998) 
body burdens were measured in some cohorts (> 1-2 ng/g) but not others and this 
study was also given a mark of 0.5 (40). All of the PHAHs and OC pesticides body 
burdens for each study, both the control and exposed groups, are outlined in Table 
3.1.3.  
8. T2D was more prevalent in people who had higher concentrations of POPs 
In general, the higher the concentration of PHAHs and/or OC pesticides in the body, 
the more prevalent the incidence of T2D and the higher the OR or relative risk for 
association of exposure for developing T2D.  However, in 5 of the studies reviewed, 
an overall rise in body burden of PHAHs and/or OC pesticides was not positively 
associated with an increase in prevalence of diabetes (19, 28, 37, 41, 42). 
Kouznetsova et al. (2007) did find a significant increase in the rate of hospitalization 
for diabetes among adults living in areas contaminated with toxic waste containing 
PHAHs or OC pesticides (37). However, biological samples were not collected, 
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precluding identification of  an association between higher concentrations of PHAHs 
or OC pesticides with an elevated risk for developing diabetes in this study. In 11 of 
the studies, positive associations were seen for some of the PHAHs or OC 
pesticides analyzed whereas others measured in the study showed no significant 
association (23, 27, 39, 43-50). 
One study reported an overall negative association between the incidence of 
T2D and exposure to PHAHs or OC pesticides (29). Finally, some studies either did 
not report concentrations of PHAHs or OC pesticides in subjects or did not perform 
analysis based on ranges of PHAH or OC pesticide concentrations for association 
with the prevalence of diabetes (40, 51).    
10. Type 2 diabetes was confirmed by objective evidence  
Objective evidence was reported for the diagnosis of T2D in many of the studies that 
included medical records with follow-up phone interviews; hospital and army 
records; and personal interviews and medical examinations including blood tests in 
many studies. Other studies used international statistical classification of disease 
(ICD-9) codes to determine diabetes through death certificates although several 
others did not confirm self-reported diabetes with any objective evidence (45, 48, 50-
55). How each study diagnosed T2D is outlined in Table 3.1.3; whether it was 
through laboratory tests (LT), self-reported (SR) or through medical records (MR), 
including death certificates and insurance data is indicated.  
3.1.3.3 Quality Assessment 
The mean MINORS score (Table 3.1.2) for all 35 studies was 17.4 (of 24).  Most 
articles failed to prospectively calculate the study sample size.  Some did not 
mention whether blinding was used during the assessment of diabetes. Some of the 
articles reviewed were follow-up studies and therefore, questions 6 and 7 applied 
only to a few investigations.  Overall the quality of these latter studies ranged 
between 13 and 22.   
 3.1.4 Discussion 
  3.1.4.1 Meta-Analysis  
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Upon inspection of the 6 TCDD studies (Figure 3.1.1), it became apparent they deal 
with two different exposure groups, populations who either experienced an acute 
post-accidental exposure or those with chronic, recurring occupational-type 
exposure to TCDD.  Two studies (Figure 3.1.2) evaluated exposure resulting from a 
single accident and the other 4 were recurring and occupational-type, mixed 
exposures (to TCDD and chlorinated pesticides; Figure 3.1.3).  Zober et al. (1994) 
studied employees working in a trichlorophenol unit at a BASF plant in Germany at 
the time of an explosion (19).  Diabetes was found less frequently in this TCDD 
exposed group than in the referent population.  Consonni et al. (2008) also studied 
the population who lived in and around Seveso, Italy at the time when an industrial 
accident occurred in the building that synthesized the herbicide, 2,4,5-T, a 
component of Agent Orange (20).  TCDD is a by-product of 2,4,5-T synthesis and it 
was released into the surrounding environment during the explosion.  These 2 
studies were analyzed separately with I2 = 0, indicating the data are homogeneous 
and that much of the variability in diabetes is due to sampling error. From these 
studies, it appears that accidental exposure to TCDD without recurrent exposure to 
environmental TCDD or concomitant exposure to OC pesticides was associated with 
a significantly decreased risk of developing diabetes, OR = 0.41 (0.19 – 0.88) for 
Zober et al. (19) and OR = 0.45 (0.39-0.52) for Consonni et al. (20).  The overall OR 
for accidental exposures is 0.45 (0.39-0.52) (Figure 3.1.2). Because TCDD is 
persistent as a tissue residue, these accidental exposures cannot be considered as 
short term exposures. However, it is now known that elimination rates of TCDD from 
humans are dose-dependent with higher doses resulting in more rapid elimination 
(56). Similarly, smoking which results in the induction of CYP1A2 in human liver, 
results in a decrease in half-life of about 30%, presumably by increasing the rate of 
metabolism of TCDD (57). Thus, a significant difference between accidental and 
recurring exposures will be that the former result in higher absorbed concentrations 
of TCDD observed initially, but with more rapid clearance due to induction of 
CYP1A2, 1A1 and 1B1 than the latter, recurring exposures to low concentrations of 
TCDD. CYP1A2 is the most important enzyme for metabolic elimination of TCDD in 
liver (56). 
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 Three of the recurring, occupational-like exposure publications concerned 
American Veterans of the Vietnam War exposed to Agent Orange containing TCDD 
as a contaminant (13-15).  The Henriksen and Kang groups both studied American 
Vietnam War veterans; Henriksen et al. (13) evaluated Ranch Hands who were 
involved in aerial spraying of the herbicide and cleaning of the application equipment 
and Kang et al. (14) included veterans of the Army Chemical Corps who were 
involved in the storage, preparation and spraying of Agent Orange.  Kim et al. (15) 
studied Korean Vietnam War veterans exposed to TCDD during spraying of Agent 
Orange. Although this Kim et al. study did not perform individual measurements of 
TCDD exposure and instead used a self-reported exposure index, we found it 
appropriate for inclusion in the meta-analysis (15). When the 3 aerial application 
studies were analyzed separately, significant heterogeneity was found (I2=60%) (13-
15). Therefore, the nature of exposure to TCDD is not the only factor influencing the 
heterogeneity of the TCDD studies.  We speculate that the amount of exposure to 
other chlorinated persistent chemicals is also a factor here as may be the stress of 
serving in a war zone. The 4th recurring, occupational-type exposure study was 
conducted by Calvert et al. (28), who overall found no relationship but did find some 
evidence for increased risk for T2D incidence and TCDD exposure in employees 
involved in the production of 2,4,5-trichlorophenol in a plant in the United States. Of 
note, T2D was found in 60% of the workers with serum TCDD levels >1.5 ng/g lipid 
weight.  
The overall OR for the 4 recurring, occupational-type studies in our meta-
analysis is 1.48 (1.10-1.98) (Figure 3.1.3), suggesting a positive association 
between this type of TCDD exposure and risk for incidence of T2D. 
The basis for the divergence in exposure types is not well understood, however 
there are some possible confounders that could explain the findings, including 
stress. As discussed, 3 of the 4 recurring, occupational-type exposure studies 
occurred during the Vietnam War, where co-exposure to OC pesticides, particularly 
DDT, occurred. The occurrence of malaria in the military during Operation Ranch 
Hand was a major problem. Despite use of prophylactic medications, it is estimated 
that 5-50% of American soldiers developed malaria during the Vietnam War (58). In 
1955 the Eighth World Health Assembly declared malaria as their first priority and 
 123 
organizations, particularly the World Health Organization, began large-scale anti-
malarial campaigns in many regions around the world, including in Vietnam during 
the 1950s and 1960s. The use of DDT for eradication of mosquitoes was the central 
feature of many campaigns, including the spraying of DDT in and around houses in 
the villages and settlements in the fields in Vietnam (59). Although successful in 
decreasing the incidence of malarial infection, the people of Vietnam, including the 
Veterans in the aforementioned studies would likely have also been exposed to 
DDT.  
Despite Agent Orange being the most common defoliant used, there were 
many other herbicides used during Operation Ranch Hand, which complicates 
exposure considerations. These included the rainbow herbicides; Agent Pink, Green, 
Purple and White. These were different mixtures of the herbicides 2,4-
dichlorophenoxyacetic acid (2,4-D), 2,4,5-T and picloram. A recent study conducted 
by Lee et al. (60) found that simultaneous exposure to various POPs might be 
contributing to the development of insulin resistance, a precursor to T2D in non-
diabetics. It was also seen in this study that disturbances of glucose and lipid 
metabolism by POPs seem to require two characteristics: low doses and 
persistency. This could perhaps be another explanation for the differences seen 
between the accidental (higher, shorter direct exposures to TCDD) and recurring 
exposure groups (lower, more persistent exposures). The window of exposure 
(timing and duration) of the various POPs may be critical in the context of the 
development of T2D. In a study by Ruzzin et al. (61), adult rats were exposed for 28 
days to several POP mixtures and concentrations of POP compounds (1 nM, 10 nM, 
100 nM, or 1.0 µM) mimicking those found in crude salmon oil. In this rat model they 
found that chronic exposure to low doses of POPs caused severe impairment of 
whole-body insulin action (61).   
Another possible confounder in the Agent Orange in Vietnam investigations is 
the interaction between high cortisol concentrations in veterans who have 
posttraumatic stress disorder (PTSD) and diabetes.  A study by Trief et al. (62) in a 
population of American veterans found a significant number of diabetes patients with 
comorbid PTSD.  Another study performed on adults living in the community 
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demonstrated a significant and potentially specific link between PTSD and self-
reported diabetes (63).      
Early trauma might result in heightened activity of the hypothalamic-pituitary-
adrenal axis, elevated concentrations of corticotrophin-releasing hormone, increased 
adrenocortotropic hormone and raised cortisol production (63). The elevation of 
endogenous glucocorticoids is known to induce insulin resistance (64, 65) and this is 
a possible contributing factor to the increased incidence of diabetes in the Vietnam 
War veterans reviewed in our study. In these three studies T2D developed after 
exposure to TCDD.    
The Naranjo Score modified for environmental exposures for all TCDD studies 
(Table 3.1.1) is 2.5 (of 8), indicating a possible association between T2D and 
exposure to TCDD; for the 2 accidental exposure studies the average Naranjo score 
is 2.0 and for the 4 recurring, occupational-type studies is 2.8, reflective of our 
findings from the subgroup meta-analysis.  
  3.1.4.2 Systematic Review  
After application of the modified Naranjo Scale to all studies that met our inclusion 
criteria, a “possible association” was found between exposure to PHAHs and/or OC 
pesticides and the risk of T2D with a score of 2.0.  A “possible association” was also 
found for the 21 studies that specifically looked at the outcome of T2D after 
exposure to PHAHs and/or OC pesticides, with a modified Naranjo score of 2.1.   
The Naranjo Score (mean ± SD) of the studies that reported a positive 
association between exposures to PHAHs and/or OC pesticides and T2D (n = 30) 
was compared to that of studies that did not report a positive association (n = 5). 
There was no significant difference between the two groups (Figure 3.1.4; P>0.05).  
The Naranjo Score in the studies that reported an association was 2.1 ± 1.2 and that 
for the studies that did not was 1.8 ± 1.6. The Naranjo Score (mean ± SD) of studies 
that looked at accidental exposures (n=3) was also compared to that from recurrent, 
occupational-like exposures (n=32); there was no significant difference between the 
two groups (P>0.05). The Naranjo Score of the studies where PHAHs and/or OC 
pesticide exposure resulting from an accident was 2.0 ± 1.0 (SD) and for the studies 
that reported a chronic, occupational-type exposure was 2.0 ± 1.2. Finally, the   
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Figure 3.1.4 Comparison of modified Naranjo Scores for causality of adverse effects 
of environmental exposures between the studies that found a positive association 
between exposures to PHAHs and/or OC pesticides and the incidence of type 2 
diabetes and those studies that did not 
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Naranjo Score of studies that evaluated recurrent environmental exposures (n=23) 
was compared to that of reports from recurrent, occupational-like exposures (n=10). 
Again, there was no difference between the two groups (P>0.05) The Naranjo Score 
in the studies that described recurring environmental exposures was 2.0 ± 1.2 and 
the Naranjo Score for the studies that reported a chronic, occupational exposure 
was 2.3 ± 1.6. Of the 21 articles that reported only on T2D, 11 reported significant 
positive associations between the exposure to all included PHAHs and OC 
pesticides and the incidence of T2D (13, 21, 37, 38, 51-55, 66-69). Of the T2D only 
investigations, none noted a negative association whereas 7 of the T2D only studies 
found a positive association with some contaminants and no association for others 
(39, 44, 45, 48-50, 70). One of these studies evaluated PBBs and PCBs in a 
Michigan cohort and found no overall positive association between exposure to 
PBBs and the incidence of diabetes. However, in women only, higher PCB serum 
concentrations were associated with a 2-fold rise in the incidence of T2D (50).  
Another study tested for possible associations between 15 PCBs, p,p’-DDE, p,p’-
DDT, HCB and β-HCH and the incidence of T2D in a population residing in a highly 
contaminated area of Eastern Slovakia (23). HCB and β-HCH were observed not to 
be associated with T2D whereas the 15 PCBs, p,p’-DDE and p,p’-DDT had positive 
associations with the incidence of T2D. In two recent studies conducted in Sweden, 
BDE 47 and 153 were not found to be positively associated with T2D whereas the 
OC pesticides oxychlordane and trans-nonachlor showed a positive association (43, 
46). Of the 35 total publications that met our inclusion criteria, 5 did not report any 
positive association between T2D and exposures to PHAHs and/or OC pesticides. In 
addition to the study by Calvert et al. (28) that evaluated employees involved in the 
production of 2,4,5-trichlorophenol mentioned in the meta-analysis, 4 others did not 
show an association between the risk for T2D incidence and PHAHs and/or OC 
pesticide exposures (19, 29, 41, 42). 
A group of people who lived near the Escambia Treating Company (ETC) 
outside Pensacola, Florida were exposed to benzo(α)pyrene and PCDD/PCDF 
including TCDD for 40 years through ground water, soil and air contamination (42).  
Although the rates of diabetes in the ETC cohort exceeded those of national 
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averages at the time of the study, there was no significant association between the 
occurrence of T2D and serum PCDD or PCDF concentrations per g lipid weight. 
 The NIOSH cohort is a population of American workers from 12 plants that 
produced chemicals contaminated with TCDD. Steenland et al. (29) evaluated the 
exposure-response in diabetes-induced deaths and failed to find any excess risk for 
diabetes, concluding that exposure to TCDD may be unrelated to the incidence of 
T2D. Zober et al. (1994) studied a population of workers exposed to TCDD by fumes 
while cleaning up after a single accident at a trichlorophenol production facility (19). 
T2D occurred significantly less often in the exposed population (11% in the high 
TCDD group, 2.4% in the low TCDD group) than the reference population (14.3%).  
Jorgensen et al. (2008) studied a population of Greenland Inuit who were 
exposed to PHAHs and OC pesticides through consumption of contaminated fish 
and sea mammals and also found no association between the degree of exposure to 
the contaminants and the incidence of T2D (41). The Inuit population has a high 
prevalence of T2D likely due to many factors including a change from a traditional 
lifestyle to a more ‘Western’, sedentary lifestyle (71, 72). The Inuit population also 
has comparatively high body burdens of PHAHs and OC pesticides. Thus, it is 
possible that exposure to concentrations of PHAH and OC pesticides above a 
certain threshold may not further increase the risk for T2D or may even show a 
decrease in the risk for T2D (see below).  
3.1.4.3 Gender Differences 
Five studies included only men (13-15, 19, 29) and 2 had primarily male participants 
(95% and 97%) (28, 38). Of these 7 publications, significant associations between 
T2D and exposures to PHAHs and/or OC pesticides were found in the 3 Vietnam 
War veteran studies (Figure 3.1.3) and in one pesticide worker study (38) while the 
other 3 male dominated studies did not report a significant association between 
diabetes and exposure to PHAHs and/or OC pesticides (19, 28, 29).  
Three studies included only women. The first 2 reported a positive association 
between the incidence of T2D and the degree of exposure to PCB 153 and p,p’-DDE 
in wives of Swedish fishermen (55, 67).  The third evaluated women from 12 
different counties along the coast of Sweden and found that diabetics had 
significantly higher body burdens of hexachlorobenzene (HCB) (45). In a similar 
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vein, Michalek and collaborators (16, 73-76) have also found that the elimination T1/2 
for TCDD increases with increasing body-weight index in the Ranch Hand cohort in 
Vietnam indicative that the obese (and diabetics) have higher concentrations of 
plasma lipid TCDD over time after equivalent exposures. 
Of the studies that included male and female participants and gender 
analysis, significant associations were found between the incidence of T2D and the 
degree of exposure to PHAHs and OC pesticides in women but not men in 3 studies 
(20, 50, 70). Vasiliu et al. (2006) reported a 2-fold rise in the incidence of diabetes in 
exposed women with lipid-adjusted serum concentrations of PCBs above 5 ng/g lipid 
weight (50). Women also showed a linear association of increasing incidence for 
diabetes with PBBs levels, not seen in males. Wang et al. (2008) reported a 2-fold 
elevation in the prevalence of T2D among exposed Yucheng women (70). Similarly, 
Consonni et al. (2008) found excess mortality from diabetes in females in all 
exposure categories in a 25-year follow-up study of the Seveso incident (20).  
However, the effect of body burdens of DDE and PCBs on incidence of T2D 
is stronger in men than women in a study of Great Lake fish consumers by Turyk et 
al. (49). Lee et al. (2006) did not compare genders but found that men tended to 
have lower body concentrations of most PHAHs and/or OC pesticides (21).  This 
finding is similar to that of Wang et al. (2008) where most excess body burdens of 
PCBs and PCDFs occurred in women of average age 25 years (70).  The authors 
rationalized that women have a higher fat composition than men, resulting in 
prolonged storage (longer elimination T1/2) of these poorly metabolized lipophilic 
compounds. As obesity is also a risk factor for T2D, the additional body burden of 
PHAHs and/or OC pesticides might be an additional contributor to T2D in obese 
individuals  (70). It is also possible that obesity is the causal factor for T2D, and that 
obese people have a higher body burden of PHAHs and OC pesticides so that 
increased lipid concentrations of POPs is an effect and not a cause of pre-diabetes 
and diabetes. However, relationships between POPs concentrations in blood in T2D 
incidence studies are normalized to lipid so the reported results infer a contribution 
of several POPs chemicals to T2D in addition to obesity.  
Wang et al. (2008) suggested that women may be more vulnerable to PCB 
and PCDF exposures as a result of higher estrogen levels than men, as some 
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dioxin-like chemicals may exert their diabetogenic effects through an estrogen-
dependent pathway (70). However, this explanation does not hold for the Michigan 
study, where more women than men were in the lowest exposure group, based on 
serum levels for PBBs and PCBs (50). In the study by Lim et al. (2008) gender 
analysis showed that body burdens of PBDEs were not preferentially associated with 
either sex (47). Men and women in the study in Kitchenuhmaykoosib First Nation 
showed comparable body burdens of p,p’-DDE and PCBs between genders except 
for PCB 74 which was significantly higher in women (54). 
3.1.4.4 Evidence of Dose Response 
In general, a higher prevalence of T2D was found in individuals in the highest 
category of PHAHs and/or OC pesticide exposure. For example, Calvert et al. (1999) 
reported that 60% of those with the highest serum concentrations of TCDD (>1.5 
ng/g lipid weight in serum) had T2D (28). It was concluded that workers with high 
body burdens of TCDD are at an increased risk of T2D.   Fierens et al. (2003) also 
reported a significant increased risk of T2D in the most exposed individuals for 
TCDD, coplanar PCBs and 12 PCB congeners in their study (53).  
Wang et al. (2008) reported that the OR for the incidence of T2D rose in 
those whose concentration of PCB 70 in blood was in the upper quartile compared 
to the reference population (70).  A similar trend was observed by Vasiliu et al. 
(2006) in the Michigan cohort, where the incidence of diabetes significantly 
increased in women with higher PCB residue levels, by 2- to 2.3-fold (50). Uemura 
et al. (2008) found a significant association between the third highest and highest 
quartiles of exposures to PCDDs/PCDFs, dioxin-like PCBs and total dioxins and the 
prevalence of diabetes (69).   A significant elevation in the incidence of diabetes in 
individuals from the highest tertile of body burden compared to the lowest for PCB 
153 and PCB 74 exposures was reported by Codru et al. (2007) (44).  Similarly, 
Kang et al. (2006) noted that US Vietnam veterans who had high body burdens of 
TCDD also had a higher prevalence of diabetes than did those with a lower body 
burden (14).  Son et al. (2010) reported significant positive relationships between all 
of the OC pesticides measured and the incidence of diabetes when broken down 
into tertiles (68). In the report by Ukropec et al. (2010), individuals in the upper three 
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quintiles of p,p’-DDT, p,p’-DDE and total analyzed PCBs had a significantly elevated 
risk of having T2D than did those in the lower two quintiles (23). Finally, Rignell-
Hydbom et al. (2007, 2009) reported significant positive trends between PCB 153 
and DDE residues in wives of Swedish fishermen and the incidence of diabetes 
when exposure concentrations were characterized into quartiles (55, 67).  
Montgomery et al. (2008) did not report body concentrations of OC pesticides; 
however, they did find an increase in the OR for the incidence of diabetes in those 
who were in the highest quartile of cumulative days of pesticide use, an indirect 
measure of exposure (38). Similarly, Kouznetsova et al. (2007) determined that the 
rate of hospitalization due to diabetes was elevated for individuals who lived near 
areas that contain one or more hazardous waste sites containing PHAHs, OC 
pesticides and volatile organic chemicals (37).  
It is reported in some studies that the relationship between risk for incidence 
of T2D and exposures to PHAHs is significantly associated, but not always in a dose 
linear manner. For example, Lim et al. (2008) found that the four quartiles (median 
serum concentrations of 1.9, 3.6, 6.6 and 24.6 ng/g lipid weight, respectively) for the 
flame retardant chemical, PBDE-153, showed a significant inverted U-shaped 
association both with the incidence of diabetes (adjusted OR = 1.6; 2.6; 2.7; and 1.8, 
respectively) and for metabolic syndrome (adjusted OR = 2.1, 2.5, 2.4, and 1.7, 
respectively) suggesting that lower exposures were more effective for any 
diabetogenic effect of this compound (47). In the same study, these investigators 
demonstrated that there was a dose linear relationship between median serum 
concentrations of PBB153 (1.2; 2.3; 3.8; and 13.1 ng/g lipid weight) and T2D 
incidence (adjusted OR = 0.7, 1.4, 1.6 and 1.9, respectively) so that the nature of the 
dose response curve is likely to be dependent both upon the amount of exposure 
and mechanism(s) of activity (e.g. endocrine disruptor, agonist for the aryl 
hydrocarbon receptor signaling network, or both). It must be pointed out that PBDE-
28, -47; -99 and -100 did not show a positive association between serum 
concentration and risk for incidence of T2D in this study  emphasizing the complexity 
of these relationships (47).   Similarly, Lee et al. (2010) found for the participants in 
the CARDIA study that the highest OR for the association between risk for future 
T2D incidence and 16 POPs consisting of mirex, trans-nonachlor, oxychlordane, 
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PBB153 and highly chlorinated PCBs, occurred within the second quartile for the 
summed lipid-adjusted serum concentrations of these combined chemicals (39). 
The 25-year Seveso follow-up study by Consonni et al. (2008) documented 
excess mortality from diabetes in women from all three TCDD exposure zones (20). 
This mortality was highest in Zone B, characterized by intermediate exposures to 
TCDD rather than in Zone A, the most highly contaminated or Zone R, the least 
contaminated.  Although population size varied across the three zones and limited 
the power of the study and its ability to detect unusual relative risks, the data are 
consistent with greater risk for death from T2D at intermediate concentrations of 
TCDD exposure.   
In marked contrast, Steenland et al. (1999) earlier reported a statistically 
significant negative trend between mortality from diabetes and cumulative exposure 
to TCDD (29).  However, this study estimated exposures because serum TCDD 
concentrations were available for only a few of the subjects. Of note, the data for 
608 men who had chloracne, indicative of the highest TCDD exposures, showed no 
excess mortality from diabetes.  
In summary, several of the studies reviewed found a significant association 
between exposure to one or more PHAHs or OC pesticides, or a mixture thereof, 
where the highest OR was at a concentration range lower than the maximum 
observed, demonstrating an inverted U dose-response curve.   
3.1.4.5 Considering Bias against the Null Hypothesis 
Overall, the overwhelming trend of the published studies is a positive association 
between exposure to PHAHs and/or OC pesticides and the risk for incidence of T2D, 
with a clear trend toward a dose-response relationship which is likely more complex 
than linear.  Data showed that the MINORS quality score of the negative association 
studies (n=5), 17.8 ± 1.6 (mean ± SD) did not differ (p > 0.05) from the MINORS 
score of the positive studies (n=28), 17.4 ± 2.3, allowing us to conclude that negative 
and positive studies were of similar quality.   
3.1.4.6 Biological Plausibility 
Fujiyoshi et al. (2006) conducted a molecular study of the expression of selected 
biomarkers in adipose tissues from volunteers in the Ranch Hand Air Force Health 
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Study (77).  They noted in individuals exposed to low-to-medium concentrations of 
TCDD that there was an increase in NFκB mRNA that led to a decrease in mRNA for 
GLUT4, an insulin-regulated glucose transporter present in adipose tissue, leading 
to the conclusion that the NFκB: GLUT4 mRNA ratio is a superior biomarker for a 
diabetogenic response in adipose tissue than expression of either gene alone.  
These findings in the subjects of epidemiological studies are in accordance 
with previous animal studies using mice, which documented that a reduction of 
GLUT4 protein in muscle or adipose tissue causes insulin resistance in other insulin 
target tissues secondarily, increasing the risk of developing T2D (78).  
In vivo and in vitro studies in experimental animal models identified additional 
mechanisms by which TCDD and other PHAH or OC pesticides may potentially 
produce T2D and its precursors, including pre-diabetes or metabolic syndrome. 
Marchand et al. (2005) found that TCDD treatment of human hepatoma HepG2 cells 
increases the expression of insulin-like growth factor binding protein 1 (IGFBP-1), 
leading to IGFBP-1 protein synthesis and secretion (79). Increased serum IGFBP-1 
content is known to oppose insulin action, potentially through attenuation of insulin 
growth factors (IGF) (Marchand et al., 2005; 79). Additional support for the 
significance of this pathway comes from transgenic mice expressing high levels of 
the rat IGFBP-1 gene. After their first week of life, these mice become 
hyperinsulinemic and then develop fasting hyperglycemia (Crossey et al., 2000; 80).  
Moreover, transgenic mice expressing the human IGFBP-1 gene become 
hyperglycemic, then hyperinsulinemic and develop glucose intolerance in later life 
(81).  
The wasting syndrome is a toxic manifestation of exposure to TCDD and 
other dioxin-like chemicals that act through the aryl hydrocarbon receptor signaling 
network, and this syndrome is accompanied by decreased lipoprotein lipase activity, 
serum hyperlipidemia and decreased glucose uptake (82).  Urban et al. (2007) 
reported that TCDD might produce indirect (or secondary) damage resulting in 
disorders of lipid metabolism, including precursors to diabetes (83).  
Epigenetics, the study of heritable changes in gene expression that occur 
without mutation of DNA, may play an important role in the incidence of 
environmentally related diseases such as T2D. There are an increasing number of 
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studies that demonstrate the link between in utero environmental exposures, such 
as parental diet and chemical exposure, with subsequent health outcomes in 
offspring with altered fetal DNA methylation patterns (84-88).  
A study of 71 Greenland Inuit, a population with the highest reported POPs 
levels worldwide, by Rusiecki and his colleagues (2008) revealed a consistent 
inverse correlation and linear relationship between global DNA hypomethylation and 
body burden of POPs (89). Recently, Kim et al. (2010) examined whether exposure 
to POPs is associated with global DNA hypomethylation in apparently healthy 
Koreans (90). These authors found that low dose exposure to POPs, in particular 
OC pesticides, is inversely and significantly related to hypomethylation of DNA, 
which allows the enhanced binding of transcription factors and gene expression (90). 
Such changes may well contribute to T2D.   
The role of epigenetic changes in the onset of T2D is still poorly understood, 
particularly those mechanisms that link environmental exposures to PHAHs and OC 
pesticides to increased risk for disease. However, epigenetic changes do provide a 
possible explanation for the trans-generational changes in incidence of T2D being 
observed many places in the world. There have been many genome-wide studies 
attempting to link inter-individual gene expression and T2D susceptibility, as 
reviewed in McCarthy & Zeggini (2009) and this approach will undoubtedly be 
utilized for evaluating relationships between genome-wide epigenetic changes 
mediated by environmental exposures to PHAHs and OC pesticides and the risk for 
T2D (91).  
The articles that met the inclusion criteria for this systematic review provide 
ample evidence that environmental exposures to sufficient concentrations of PHAHs 
and OC pesticides can act as diabetogens.     
3.1.5 Conclusions 
In a meta-analysis of available TCDD and T2D studies, an increased OR was found 
for developing T2D in populations with recurring, occupational-like exposure to 
TCDD compared to a decreased OR for those populations who had one-time 
accidental exposure to TCDD (Figures 3.1.2 and 3.3).  The application of our 
modified Naranjo Score for environmental contaminants to all 35 studies that met the 
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inclusion criteria for this systematic review (Table 3.1.4), showed a possible 
association between exposure to PHAHs and OC pesticides and the prevalence of 
T2D (modified Naranjo Score of 2.0).  This possible positive association remained 
when one examined only the studies that evaluated the outcome of T2D with 
exposure to PHAHs and/or OC pesticides (modified Naranjo Score of 2.1) as well as 
just for the studies that specifically evaluated the relationship between exposure to 
TCDD and T2D (modified Naranjo Score of 2.5). 
 A gender difference was also reported in a majority of the studies that 
compared PHAHs and/or OC pesticide body burdens between males and females 
with T2D incidence. In the studies that included both genders, females appeared to 
have a higher risk of developing T2D from PHAH and/or OC pesticide exposure than 
males.  However, there were a few studies that showed the opposite effect for 
specific PHAHs and OC pesticides. Clearly, the underlying basis for the possible 
greater risk of females for development of T2D after exposure to PHAH and OC 
pesticides requires additional study, but it may be related to the higher fat content of 
women vs. men and a decreased rate of POPs elimination.   
Epigenetics is likely to play a significant role in the link between environment, 
genes and disease susceptibility including the interaction between PHAHs and OC 
pesticides and the risk for T2D.  It will be important in future studies to determine 
whether environmentally induced epigenetic changes are causative in T2D 
development and to determine the link between timing of exposure with risk of 
disease onset and progression. It will also be key to determine the role of DNA 
methylation and histone modification in the pathogenesis of T2D, whether any of 
these changes that are pathological are being inherited by future generations and 
whether they are reversible and thus subject to pharmacological intervention. 
 Following the precautionary principle in toxicology it seems prudent to us that 
exposure to PHAHs and OC pesticides needs to be minimized whenever possible 
because of their probable dose-related association with an increased incidence of 
T2D, and the reports that intermediate dose exposures can produce a more robust 
association in some cases than did exposure to higher doses.  
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3.2 Recommendations  
• Many research priorities on the relationship between exposure to POPs and 
T2D were revealed from this review including: 
o How the window of exposure (including mixture of POPs, timing and 
duration) to contaminants is contributing to the health outcome 
o The role of low dose and persistency of exposures  
o The role of genetics and epigenetics  
• A meta-analysis that focuses on the POPs that have the most frequently been 
linked to T2D would be appropriate 
• High quality, prospective, epidemiological experiments investigating body 
burdens of POPs and T2D are required  
• Exposure to POPs should be decreased wherever possible  
3.3 References 
1 Amos AF, McCarty DJ and Zimmet P. The rising global burden of diabetes 
and its complications: Estimates and projections to the year 2010. Diabet Med. 
1997;14:S1-85. 
2 Burrows NR, Geiss LS, Engelgau MM, et al. Prevalence of diabetes among 
Native Americans and Alaska Natives, 1990-1997: An increasing burden. Diabetes 
Care. 2000;23:1786-90. 
3 Kriska AM, Saremi A, Hanson RL, et al. Physical activity, obesity, and the 
incidence of type 2 diabetes in a high-risk population. Am J Epidemiol. 
2003;158:669-75. 
4 O'Rahilly S, Barroso I and Wareham NJ. Genetic factors in type 2 diabetes: 
the end of the beginning? Science. 2005;307:370-3. 
5 Zimmet PZ. Diabetes epidemiology as a tool to trigger diabetes research and 
care. Diabetologia. 1999;42:499-518. 
6 Centers for Disease Control and Prevention (CDC). Prevalence of diabetes 
and impaired fasting glucose in adults--United States, 1999-2000. Altanta, GA, 
2003:833-837.  
7 World Health Organization (WHO). Screening for Type 2 diabetes. Geneva, 
2003, http://www.who.int/diabetes/publications/en/screening_mnc03.pdf 
8 World Health Organization (WHO). Diabetes Programme: Facts & Figures. 
Geneva, 2010, http://www.who.int/diabetes/facts/world_figures/en/ 
9 Wild S, Roglic G, Green A, et al. Global prevalence of diabetes: Estimates for 
the year 2000 and projections for 2030. Diabetes Care. 2004;27:1047-53. 
 136 
10 Weber LW and Greim H. The toxicity of brominated and mixed-halogenated 
dibenzo-p-dioxins and dibenzofurans: An overview. J Toxicol Environ Health. 
1997;50:195-215. 
11 Poland A. Reflections on risk assessment of receptor-acting xenobiotics. 
Regul Toxicol Pharmacol. 1997;26:41-3. 
12 Ngo AD, Taylor R, Roberts CL, et al. Association between Agent Orange and 
birth defects: Systematic review and meta-analysis. Int J Epidemiol. 2006;35:1220-
30. 
13 Henriksen GL, Ketchum NS, Michalek JE, et al. Serum dioxin and diabetes 
mellitus in veterans of Operation Ranch Hand. Epidemiology. 1997;8:252-8. 
14 Kang HK, Dalager NA, Needham LL, et al. Health status of Army Chemical 
Corps Vietnam veterans who sprayed defoliant in Vietnam. Am J Ind Med. 
2006;49:875-84. 
15 Kim JS, Lim HS, Cho SI, et al. Impact of Agent Orange exposure among 
Korean Vietnam veterans. Ind Health. 2003;41:149-57. 
16 Michalek JE, Ketchum NS and Tripathi RC. Diabetes mellitus and 2,3,7,8-
tetrachlorodibenzo-p-dioxin elimination in veterans of Operation Ranch Hand. J 
Toxicol Environ Health A. 2003;66:211-21. 
17 Institute of Medicine (IOM). Veterans and Agent Orange: Update 2010. The 
National Academies Press, Washington, DC: 2012. 
18 Wong O, Brocker W, Davis HV, et al. Mortality of workers potentially exposed 
to organic and inorganic brominated chemicals, DBCP, TRIS, PBB, and DDT. Br J 
Ind Med. 1984;41:15-24. 
19 Zober A, Ott MG and Messerer P. Morbidity follow up study of BASF 
employees exposed to 2,3,7, 8-tetrachlorodibenzo-p-dioxin (TCDD) after a 1953 
chemical reactor incident. Occup Environ Med. 1994;51:479-86. 
20 Consonni D, Pesatori AC, Zocchetti C, et al. Mortality in a population exposed 
to dioxin after the Seveso, Italy, accident in 1976: 25 years of follow-up. Am J 
Epidemiol. 2008;167:847-58. 
21 Lee DH, Lee IK, Song K, et al. A strong dose-response relation between 
serum concentrations of persistent organic pollutants and diabetes: Results from the 
National Health and Examination Survey 1999-2002. Diabetes Care. 2006;29:1638-
44. 
22 Lee DH, Lee IK, Porta M, et al. Relationship between serum concentrations of 
persistent organic pollutants and the prevalence of metabolic syndrome among non-
diabetic adults: Results from the National Health and Nutrition Examination Survey 
1999-2002. Diabetologia. 2007;50:1841-51. 
23 Ukropec J, Radikova Z, Huckova M, et al. High prevalence of prediabetes and 
diabetes in a population exposed to high levels of an organochlorine cocktail. 
Diabetologia. 2010;53:899-906. 
24 Stroup DF, Berlin JA, Morton SC, et al. Meta-analysis of observational studies 
in epidemiology: A proposal for reporting. Meta-analysis Of Observational Studies in 
Epidemiology (MOOSE) group. Jama. 2000;283:2008-12. 
25 Naranjo CA, Busto U, Sellers EM, et al. A method for estimating the 
probability of adverse drug reactions. Clin Pharmacol Ther. 1981;30:239-45. 
26 Slim K, Nini E, Forestier D, et al. Methodological index for non-randomized 
studies (minors): Development and validation of a new instrument. ANZ J Surg. 
2003;73:712-6. 
 137 
27 Everett CJ and Matheson EM. Biomarkers of pesticide exposure and diabetes 
in the 1999-2004 national health and nutrition examination survey. Environ Int. 
2010;36:398-401. 
28 Calvert GM, Sweeney MH, Deddens J, et al. Evaluation of diabetes mellitus, 
serum glucose, and thyroid function among United States workers exposed to 
2,3,7,8-tetrachlorodibenzo-p-dioxin. Occup Environ Med. 1999;56:270-6. 
29 Steenland K, Piacitelli L, Deddens J, et al. Cancer, heart disease, and 
diabetes in workers exposed to 2,3,7,8-tetrachlorodibenzo-p-dioxin. J Natl Cancer 
Inst. 1999;91:779-86. 
30 Schecter A, Birnbaum L, Ryan JJ, et al. Dioxins: An overview. Environ Res. 
2006;101:419-28. 
31 Aylward LL and Hays SM. Temporal trends in human TCDD body burden: 
Decreases over three decades and implications for exposure levels. J Expo Anal 
Environ Epidemiol. 2002;12:319-28. 
32 Landi MT, Consonni D, Patterson DG, Jr., et al. 2,3,7,8-Tetrachlorodibenzo-p-
dioxin plasma levels in Seveso 20 years after the accident. Environ Health Perspect. 
1998;106:273-7. 
33 Neuberger M, Landvoigt W and Derntl F. Blood levels of 2,3,7,8-
tetrachlorodibenzo-p-dioxin in chemical workers after chloracne and in comparison 
groups. Int Arch Occup Environ Health. 1991;63:325-7. 
34 Papke O, Ball M, Lis A, et al. PCDD/PCDFs in humans, follow-up of 
background data for Germany, 1994. Chemosphere. 1996;32:575-82. 
35 Smith AH, Patterson DG, Jr., Warner ML, et al. Serum 2,3,7,8-
tetrachlorodibenzo-p-dioxin levels of New Zealand pesticide applicators and their 
implication for cancer hypotheses. J Natl Cancer Inst. 1992;84:104-8. 
36 Lee DH, Lee IK, Jin SH, et al. Association between serum concentrations of 
persistent organic pollutants and insulin resistance among nondiabetic adults: 
Results from the National Health and Nutrition Examination Survey 1999-2002. 
Diabetes Care. 2007;30:622-8. 
37 Kouznetsova M, Huang X, Ma J, et al. Increased rate of hospitalization for 
diabetes and residential proximity of hazardous waste sites. Environ Health 
Perspect. 2007;115:75-9. 
38 Montgomery MP, Kamel F, Saldana TM, et al. Incident diabetes and pesticide 
exposure among licensed pesticide applicators: Agricultural Health Study, 1993-
2003. Am J Epidemiol. 2008;167:1235-46. 
39 Lee DH, Steffes MW, Sjodin A, et al. Low dose of some persistent organic 
pollutants predicts type 2 diabetes: A nested case-control study. Environ Health 
Perspect. 2010;118:1235-42. 
40 Vena J, Boffetta P, Becher H, et al. Exposure to dioxin and nonneoplastic 
mortality in the expanded IARC international cohort study of phenoxy herbicide and 
chlorophenol production workers and sprayers. Environ Health Perspect. 1998;106 
Suppl 2:645-53. 
41 Jorgensen ME, Borch-Johnsen K and Bjerregaard P. A cross-sectional study 
of the association between persistent organic pollutants and glucose intolerance 
among Greenland Inuit. Diabetologia. 2008;51:1416-22. 
42 Karouna-Renier NK, Rao KR, Lanza JJ, et al. Serum profiles of PCDDs and 
PCDFs, in individuals near the Escambia Wood Treating Company Superfund site in 
Pensacola, FL. Chemosphere. 2007;69:1312-9. 
 138 
43 Airaksinen R, Rantakokko P, Eriksson JG, et al. Association between type 2 
diabetes and exposure to persistent organic pollutants. Diabetes Care. 
2011;34:1972-9.  
44 Codru N, Schymura MJ, Negoita S, et al. Diabetes in relation to serum levels 
of polychlorinated biphenyls and chlorinated pesticides in adult Native Americans. 
Environ Health Perspect. 2007;115:1442-7. 
45 Glynn AW, Granath F, Aune M, et al. Organochlorines in Swedish women: 
Determinants of serum concentrations. Environ Health Perspect. 2003;111:349-55. 
46 Lee DH, Lind PM, Jacobs DR, Jr., et al. Polychlorinated biphenyls and 
organochlorine pesticides in plasma predict development of type 2 diabetes in the 
elderly: the prospective investigation of the vasculature in Uppsala Seniors (PIVUS) 
study. Diabetes Care. 2011;34:1778-84. 
47 Lim JS, Lee DH and Jacobs DR, Jr. Association of brominated flame 
retardants with diabetes and metabolic syndrome in the U.S. population, 2003-2004. 
Diabetes Care. 2008;31:1802-7. 
48 Turyk M, Anderson H, Knobeloch L, et al. Organochlorine exposure and 
incidence of diabetes in a cohort of Great Lakes sport fish consumers. Environ 
Health Perspect. 2009;117:1076-82. 
49 Turyk M, Anderson HA, Knobeloch L, et al. Prevalence of diabetes and body 
burdens of polychlorinated biphenyls, polybrominated diphenyl ethers, and p,p'-
diphenyldichloroethene in Great Lakes sport fish consumers. Chemosphere. 
2009;75:674-9. 
50 Vasiliu O, Cameron L, Gardiner J, et al. Polybrominated biphenyls, 
polychlorinated biphenyls, body weight, and incidence of adult-onset diabetes 
mellitus. Epidemiology. 2006;17:352-9. 
51 Rylander L, Rignell-Hydbom A and Hagmar L. A cross-sectional study of the 
association between persistent organochlorine pollutants and diabetes. Environ 
Health. 2005;4:28. 
52 Cox S, Niskar AS, Narayan KM, et al. Prevalence of self-reported diabetes 
and exposure to organochlorine pesticides among Mexican Americans: Hispanic 
health and nutrition examination survey, 1982-1984. Environ Health Perspect. 
2007;115:1747-52. 
53 Fierens S, Mairesse H, Heilier JF, et al. Dioxin/polychlorinated biphenyl body 
burden, diabetes and endometriosis: findings in a population-based study in 
Belgium. Biomarkers. 2003;8:529-34. 
54 Philibert A, Schwartz H and Mergler D. An exploratory study of diabetes in a 
First Nation community with respect to serum concentrations of p,p'-DDE and PCBs 
and fish consumption. Int J Environ Res Public Health. 2009;6:3179-89. 
55 Rignell-Hydbom A, Rylander L and Hagmar L. Exposure to persistent 
organochlorine pollutants and type 2 diabetes mellitus. Hum Exp Toxicol. 
2007;26:447-52. 
56 Sorg O, Zennegg M, Schmid P, et al. 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) poisoning in Victor Yushchenko: Identification and measurement of TCDD 
metabolites. Lancet. 2009;374:1179-85. 
57 Flesch-Janys D, Becher H, Gurn P, et al. Elimination of polychlorinated 
dibenzo-p-dioxins and dibenzofurans in occupationally exposed persons. J Toxicol 
Environ Health. 1996;47:363-78. 
58 Kiel FW. Malaria in Vietnam. Pathology Annual. 1968;3:1-27. 
 139 
59 Vien NT, Bai, B.D., Son, M.V., Thong, T.V., Quang, N.T. & Tan, N. 
Assessment of anti-malaria operation in central Vietnam, from 1976-1991. Cahiers 
Sante. 1996;6:97-101. 
60 Lee DH, Steffes MW, Sjodin A, et al. Low dose organochlorine pesticides and 
polychlorinated biphenyls predict obesity, dyslipidemia, and insulin resistance 
among people free of diabetes. PLoS One. 2011;6:e15977. 
61 Ruzzin J, Petersen R, Meugnier E, et al. Persistent organic pollutant 
exposure leads to insulin resistance syndrome. Environ Health Perspect. 
2010;118:465-71. 
62 Trief PM, Ouimette P, Wade M, et al. Post-traumatic stress disorder and 
diabetes: Co-morbidity and outcomes in a male veterans sample. J Behav Med. 
2006;29:411-8. 
63 Goodwin RD and Davidson JR. Self-reported diabetes and posttraumatic 
stress disorder among adults in the community. Prev Med. 2005;40:570-4. 
64 Gold PW and Charney DS. Diseases of the mind and brain: Depression: A 
disease of the mind, brain, and body. Am J Psychiatry. 2002;159:1826. 
65 Lundgren M, Buren J, Ruge T, et al. Glucocorticoids down-regulate glucose 
uptake capacity and insulin-signaling proteins in omental but not subcutaneous 
human adipocytes. J Clin Endocrinol Metab. 2004;89:2989-97. 
66 Everett CJ, Frithsen IL, Diaz VA, et al. Association of a polychlorinated 
dibenzo-p-dioxin, a polychlorinated biphenyl, and DDT with diabetes in the 1999-
2002 National Health and Nutrition Examination Survey. Environ Res. 2007;103:413-
8. 
67 Rignell-Hydbom A, Lidfeldt J, Kiviranta H, et al. Exposure to p,p'-DDE: A risk 
factor for type 2 diabetes. PLoS One. 2009;4:e7503. 
68 Son HK, Kim SA, Kang JH, et al. Strong associations between low-dose 
organochlorine pesticides and type 2 diabetes in Korea. Environ Int. 2010;36:410-4. 
69 Uemura H, Arisawa K, Hiyoshi M, et al. Associations of environmental 
exposure to dioxins with prevalent diabetes among general inhabitants in Japan. 
Environ Res. 2008;108:63-8. 
70 Wang SL, Tsai PC, Yang CY, et al. Increased risk of diabetes and 
polychlorinated biphenyls and dioxins: A 24-year follow-up study of the Yucheng 
cohort. Diabetes Care. 2008;31:1574-9. 
71 Jorgensen ME, Bjeregaard P and Borch-Johnsen K. Diabetes and impaired 
glucose tolerance among the inuit population of Greenland. Diabetes Care. 
2002;25:1766-71. 
72 Krummel EM. The Circumpolar Inuit Health Summit: A summary. Int J 
Circumpolar Health. 2009;68:509-18. 
73 Michalek JE, Pirkle JL, Caudill SP, et al. Pharmacokinetics of TCDD in 
veterans of Operation Ranch Hand: 10-year follow-up. J Toxicol Environ Health. 
1996;47:209-20. 
74 Michalek JE, Pirkle JL, Needham LL, et al. Pharmacokinetics of 2,3,7,8-
tetrachlorodibenzo-p-dioxin in Seveso adults and veterans of operation Ranch Hand. 
J Expo Anal Environ Epidemiol. 2002;12:44-53. 
75 Michalek JE and Tripathi RC. Pharmacokinetics of TCDD in veterans of 
Operation Ranch Hand: 15-year follow-up. J Toxicol Environ Health A. 1999;57:369-
78. 
 140 
76 Michalek JE, Tripathi RC, Caudill SP, et al. Investigation of TCDD half-life 
heterogeneity in veterans of Operation Ranch Hand. J Toxicol Environ Health. 
1992;35:29-38. 
77 Fujiyoshi PT, Michalek JE and Matsumura F. Molecular epidemiologic 
evidence for diabetogenic effects of dioxin exposure in U.S. Air force veterans of the 
Vietnam war. Environ Health Perspect. 2006;114:1677-83. 
78 Minokoshi Y, Kahn CR and Kahn BB. Tissue-specific ablation of the GLUT4 
glucose transporter or the insulin receptor challenges assumptions about insulin 
action and glucose homeostasis. J Biol Chem. 2003;278:33609-12. 
79 Marchand A, Tomkiewicz C, Marchandeau JP, et al. 2,3,7,8-
Tetrachlorodibenzo-p-dioxin induces insulin-like growth factor binding protein-1 gene 
expression and counteracts the negative effect of insulin. Mol Pharmacol. 
2005;67:444-52. 
80 Crossey PA, Jones JS and Miell JP. Dysregulation of the insulin/IGF binding 
protein-1 axis in transgenic mice is associated with hyperinsulinemia and glucose 
intolerance. Diabetes. 2000;49:457-65. 
81 Rajkumar K, Dheen ST and Murphy LJ. Hyperglycemia and impaired glucose 
tolerance in IGF binding protein-1 transgenic mice. Am J Physiol. 1996;270:E565-
71. 
82 Enan E, Lasley B, Stewart D, et al. 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD) modulates function of human luteinizing granulosa cells via cAMP signaling 
and early reduction of glucose transporting activity. Reprod Toxicol. 1996;10:191-8. 
83 Urban P, Pelclova D, Lukas E, et al. Neurological and neurophysiological 
examinations on workers with chronic poisoning by 2,3,7,8-TCDD: follow-up 35 
years after exposure. Eur J Neurol. 2007;14:213-8. 
84 Cropley JE, Suter CM, Beckman KB, et al. Germ-line epigenetic modification 
of the murine A vy allele by nutritional supplementation. Proc Natl Acad Sci U S A. 
2006;103:17308-12. 
85 Dolinoy DC, Weidman JR, Waterland RA, et al. Maternal genistein alters coat 
color and protects Avy mouse offspring from obesity by modifying the fetal 
epigenome. Environ Health Perspect. 2006;114:567-72. 
86 Dolinoy DC, Huang D and Jirtle RL. Maternal nutrient supplementation 
counteracts bisphenol A-induced DNA hypomethylation in early development. Proc 
Natl Acad Sci U S A. 2007;104:13056-61. 
87 Waterland RA, Dolinoy DC, Lin JR, et al. Maternal methyl supplements 
increase offspring DNA methylation at Axin Fused. Genesis. 2006;44:401-6. 
88 Waterland RA and Jirtle RL. Transposable elements: Targets for early 
nutritional effects on epigenetic gene regulation. Mol Cell Biol. 2003;23:5293-300. 
89 Rusiecki JA, Baccarelli A, Bollati V, et al. Global DNA hypomethylation is 
associated with high serum-persistent organic pollutants in Greenlandic Inuit. 
Environ Health Perspect. 2008;116:1547-52. 
90 Kim KY, Kim DS, Lee SK, et al. Association of low-dose exposure to 
persistent organic pollutants with global DNA hypomethylation in healthy Koreans. 
Environ Health Perspect. 2010;118:370-4. 
91 McCarthy MI and Zeggini E. Genome-wide association studies in type 2 
diabetes. Curr Diab Rep. 2009;9:164-71. 
 
 141	  
4.0 INVESTIGATING CHRONIC STRESS USING HAIR CORTISOL 
Chapter 4 describes the investigation of chronic stress through the utilization of hair 
cortisol in two communities: Walpole Island First Nation (section 4.1; manuscript 2) 
and in Naivasha, Kenya (section 4.2; manuscript 3). Both communities are known to 
very concerned about potential exposure to environmental contaminants and health 
effects, the rationale for both studies. There are also many health and 
socioeconomic disparities that exist in both communities that could be contributing to 
chronic stress. Recommendations will be presented in section 4.3. 
4.1 Manuscript 2: Henley P, Jahedmotlagh Z, Thomson S, Hill J, Darnell R, 
Jacobs D, Johnson J, Williams NC, Williams RM, Van Uum S, Bend JR and 
Koren G. Hair Cortisol as a Biomarker of Stress Among a First Nation in 
Canada. Ther Drug Monit. 2013;35:595-9. 1 
4.1.1 Background 
Hair cortisol measurements are increasingly being utilized as a validated biomarker 
of chronic stress (1-10). Circulating, lipophilic compounds such as cortisol can be 
incorporated into the hair shaft (11-14). Hair grows on average 1 cm per month and 
accordingly, long-term cortisol production can be documented retrospectively (15-
17). Increased systemic cortisol is implicated in the development of many health 
conditions and thus, this biomarker may allow better insight into pathogenesis and 
disease progression. 
Many members of First Nation communities are experiencing stress related to 
socio-economic factors, a high incidence of chronic diseases, the state of the 
environment, and cultural oppression (18). There are consistent health and socio-
economic disparities between First Nations and the non-Aboriginal, Canadian 
population. A Health Canada report (2009) described many socio-economic factors 
that adversely impact First Nation communities (18). According to this report, the 
unemployment rate for First Nation citizens is four times higher (27.7%), than the 	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1 Parts of this Chapter have been published. No permission letter is needed from Wolters Kluwer 
Health, Lippincott Williams & Wilkins©. 	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general Canadian population (7.3%). The proportion of on-reserve First Nations 
citizens who have completed high school by the age of 20 is 36%, compared to 85% 
in the general Canadian population. Higher incidences of substance abuse and drug 
overdoses, premature fatalities, family violence, poverty, poor birth outcomes, 
depression, suicidal ideation, death from alcoholism, homicide and suicide are all 
also evident in First Nation communities (18-24). 
In addition, numerous chronic conditions are found at higher incidences 
among First Nation citizens when compared to the rest of the Canadian population 
(25). Approximately one third of Aboriginals in Canada aged 15 and older have been 
diagnosed with a chronic health problem (24). Type 2 diabetes is 3- to 5-fold more 
prevalent in First Nation communities (26, 27). 
It is believed that a loss of land (both by displacement of communities, and by 
contamination of resources) greatly contributes to culture stress (28). In many First 
Nation communities there is a perception of deteriorating environment, contributing 
to a loss of tradition, culture and a change in the diet, as well as contributing to 
health risks and risks to the local economy. The majority of participants in a recent 
First Nation community survey responded that environmental issues are of equal 
importance as social concerns to them (29).  
Members of First Nations in Canada have experienced massive disruption 
and alteration of their traditional lifestyle, including cultural oppression and forced 
assimilation through the implementation of residential schools. It has been 
documented that this loss of culture, language, tradition, family bonding and ties to 
Elders has manifested in poor socio-economic outcomes, such as suicidal thoughts 
and attempts, a history of abuse and depressive symptoms in both residential school 
survivors as well as in subsequent generations (30, 31).  
Stress is often hypothesized to be a key determinant of health in Aboriginal 
populations, however little research has explored levels of stress in these 
populations (32). To the best of our knowledge, this is the first study that employs 
hair cortisol as a biomarker of chronic stress in any Aboriginal community. This study 
aimed to investigate the hypothesis that members of a First Nation community in 
Canada exhibit stress levels above those of a Canadian, non-First Nation community 
using hair cortisol as a biomarker. 
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4.1.2 Materials and Methods 
4.1.2.1 Subjects and Setting 
This study was a component of a larger multi-disciplinary, community-based, 
collaborative investigation titled Baseline Biomonitoring Studies and a Survey of 
Child-Youth Health as Prerequisites to Epidemiological Studies to Assess the Health 
Risk of the Attawapiskat First Nation and Walpole Island First Nation Communities 
from Exposure to Environmental Contaminants (29). It is the result of a research 
partnership between Walpole Island First Nation (WIFN) Health Centre and WIFN 
Heritage Centre and the Ecosystem Health Research Team at the Schulich School 
of Medicine and Dentistry, Western University, Canada. WIFN has an on-reserve 
population of 2,500 who rely on the St. Clair River for food, water, and economic 
survival. WIFN has been subjected to the effects of waterborne and airborne 
pollution for several decades, as it is downriver from Sarnia's “Chemical Valley”. Hair 
samples for cortisol testing were collected from 55 volunteer members of the WIFN 
in May 2008.  Hair samples were excluded in the subsequent grouped analyses if < 
8 mg of hair was collected, or if variation between duplicates was > 20% (N=15 
excluded). Hair samples (N=32) were also analyzed from healthy Caucasian 
volunteers living in and around London, Ontario, Canada as a reference population. 
Volunteers gave informed consent before hair was collected and names were coded 
for confidentiality.   
4.1.2.2 Hair Sampling 
Up to 1 g of hair was collected from the posterior vertex region as close to the scalp 
as possible.  The posterior vertex region was chosen because most hairs in this area 
have the same growth rate and because the proportion of hair in the telogen growth 
phase is low (11, 12). Hair was stored at room temperature in an envelope in the 
dark until analysis. The first 4 cm of hair was analyzed for metal content in an 
associated study, and cortisol was analyzed in the next 1 cm of hair.  
4.1.2.3 Quantification of Hair Cortisol 
A 1 cm portion of hair was removed from the sample, weighed using an analytical 
balance and transferred to a glass vial. Each sample was washed 3 times with 
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isopropyl alcohol and left to dry for at least 5 h. Afterwards, 1 mL of HPLC grade 
methanol was added and hair was finely minced using surgical scissors. The vials 
were then sealed by a strip of parafilm and incubated at 50oC at 100 RPM for 16 h. 
After incubation, the vials were cooled to room temperature and the methanol extract 
was transferred to a glass tube. The solvent was removed from each sample by 
heating the tube to 50oC under a gentle stream of nitrogen gas. Upon evaporation of 
methanol, 250 µL of phosphate-buffered saline solution at pH 8.0 were added to the 
sample and it was vortexed until well mixed. Subsequently, 100 µL of the buffer 
mixture were added to the wells in duplicate as per the enzyme-linked 
immunosorbent assay (ELISA) kit instructions. A sample of the PBS buffer alone 
was used as a negative control to assess non-specific binding and colour 
development. This value was subtracted from total values prior to interpretation. The 
positive controls were the cortisol samples included in the ELISA kit. 
Cortisol measurement was performed using the ELISA cortisol kit originally 
developed for salivary cortisol content (Alpco Diagnostics, New Hampshire, USA) as 
per the manufacturer’s directions with the exception that the assay was shaken at 
100 RPM instead of the recommended 200 RPM. The ELISA assay was conducted 
on a flat-bottomed, antibody coated 96-well plate and absorption was read on a 
Vmax plate reader (Molecular Devices, Sunnyvale CA, U.S.) with absorption set at 
450 nm. The ELISA kit has cross-reactivities with other steroids as follows: 
corticosterone (31%), progesterone (< 2%), deoxycortisol (< 2%), dexamethasone 
(< 2%), estriol (< 0.001%), estrone (< 0.001%), and testosterone (< 0.001%). The 
absolute cortisol extraction recoveries were 88% and 87% in 100 ng/mL and 
2 ng/mL standards, respectively. The intraday coefficients of variation (CV) for the 
ELISA method (from Alpco Diagnostics) was determined by Van Uum et al. (2008) 
and were described to be 7.2% and 6.0% in real hair samples (i.e. not spiked) with 
cortisol content of 64 ng/g and 629 ng/g, respectively (N = 6 for both) (6). The 
interday CVs were 10.6% and 7.6% in real hair samples with cortisol content of 49 
ng/mL and 548 ng/mL, respectively (N = 6 for both) (6). The limit of detection for the 
ELISA is 1.14 ng/mL (Alpco Diagnostics). 
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4.1.2.4 Health Status Survey Questionnaire and the Perceived Stress 
Scale 
A Health Status Survey Questionnaire was adapted from the 2006 Statistics Canada 
Aboriginal Children’s Survey.  This questionnaire was developed by discussion and 
collaboration between members of the Ecosystem Health Research Team from the 
Schulich School of Medicine & Dentistry, Western University and the WIFN Health 
and Heritage Centres with consultation within the WIFN community. The 
questionnaire was a detailed inquiry into the health status of participants and their 
children and grandchildren, which asked questions regarding dietary habits, health 
problems, childcare, child development, and community issues. Of the 57 
questionnaires distributed, 52 were totally or partially completed and returned for 
analysis. The Perceived Stress Scale (PSS), a validated scale for measuring 
generalized perceptions of stress, consists of 10 questions that ask individuals about 
their feelings and thoughts during the last month (33). The PSS measures only acute 
stress around the days of its application.  
4.1.2.5 Statistical Analysis 
Hair levels of cortisol were compared between WIFN volunteers and controls 
(Caucasian volunteers), and among subgroups, using the Mann-Whitney U test. The 
same test was used for comparison of PSS measures.  Cortisol levels were 
compared among segments of 1 cm of hair over time with the Kruskal-Wallis test. 
4.1.3 Results 
In response to the Health Status Questionnaire (N=52), the majority of the Walpole 
Island First Nation (WIFN) volunteers reported that they (72.9%) and their children 
(80.6%) were in good, very good or excellent health. Of the self-reported chronic 
conditions, 33% of the WIFN volunteers reported diabetes mellitus confirmed by a 
physician, 17.1% had kidney disease, and 15.2% had a heart condition. Lastly, a 
considerable fraction (58%) of volunteers answered that they smoked or were 
regularly exposed to tobacco smoke. 
Median (95% C.I.) hair cortisol levels among the WIFN volunteers (N=40) was 
significantly higher (177 ng/g; 93-273) than that of a reference group (N=32) of 
 146	  
Figure 4.1.1 Comparison of hair cortisol content of volunteers from WIFN and a 
reference group who live in and around London, ON (mean +/- SD). A significant 
difference was found between the two groups (Mann-Whitney U test, P<0.0001)
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healthy Caucasians living in and around London, Ontario, Canada (116 ng/g; 26-
204) (p<0.0001) (Figure 4.1.1).  
WIFN men (N=25) had a median (95% C.I.) hair cortisol concentration of 189 
ng/g (163-219), which was significantly higher than in women (N=15) (144 ng/g; 118-
175) (p<0.05). There was no significant difference between median ages of males 
and females. Significant differences in median hair cortisol were seen between those 
who self-reported diabetes (N=10; 245 ng/g) compared to those who did not (N=24; 
165.0 ng/g) (p<0.05). There was no significant difference in median hair cortisol 
content in the WIFN members who smoked (N=24; 218.5 ng/g) compared to non- 
smokers (N=14; 147.5 ng/g) (p>0.05). However, median hair cortisol content was 
significantly higher in male smokers (N=15; 234.0 ng/g) than in female smokers 
(N=9; 142.0 ng/g) at WIFN (p<0.05). 
In contrast to the median hair cortisol concentrations there was no significant 
difference in the Perceived Stress Scale (PSS) scores between the two groups 
(p>0.05). As well, a lack of correlation between the PSS score and hair cortisol 
content was seen in the WIFN participants. 
We also evaluated the possibility of seasonal changes of hair cortisol content 
in 1 cm sequential samples in summed data from all volunteers from the WIFN in 
individuals where hair was sufficiently long (N=8). Overall, no significant differences 
were seen in hair cortisol levels in the WIFN volunteers throughout the year, and 
most volunteers had similar and stable hair cortisol content over time (Kruskal-Wallis 
test, p>0.05).  
4.1.4 Discussion 
We demonstrated increased hair cortisol concentrations in volunteers from a First 
Nation community compared to volunteers from a non-First Nation community in 
London, Ontario, Canada. This suggests that chronic stress, as assessed by 
increased hair cortisol, is greater in the WIFN community. This is the first report of 
cortisol levels as a measure of chronic stress in members of a First Nation 
community. Of particular note, WIFN volunteers with self-reported type 2 diabetes 
had significantly higher hair cortisol than WIFN volunteers who did not. Chronic 
stress has been linked to disturbances in metabolism and metabolic syndrome (34, 
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35). Relatedly, the development of obesity, glucose intolerance and metabolic 
syndrome has been related to disorders in cortisol metabolism (36-41). There is 
evidence that dysfunction of the hypothalamic-pituitary-adrenal (HPA) axis and 
increasing cortisol levels are linked to the development of obesity and insulin 
resistance (42, 43). Elevated cortisol content could be contributing to the increased 
incidences of type 2 diabetes seen in First Nation communities, including WIFN. 
Previous studies examining sex differences in cortisol secretion are generally 
consistent with our results. A study by Kirschbaum et al. showed that men have 
larger adrenocorticotrophic hormone (ACTH) increases than women that could 
account for the higher hair cortisol content we observed in First Nation males (44, 
45). In line with our current findings, a large (N=360) recent study examining 
confounders of hair cortisol measurement found that men show higher cortisol 
content than women (46).  
Acute smoking has been found to stimulate the HPA axis and increase ACTH 
and cortisol levels in the body, however the effect of chronic smoking on cortisol 
levels is unclear (47-55). The mean hair cortisol content in WIFN smokers is 
arguably a bit higher than in the non-smokers, although this difference is not 
significant. Considering the prevalence of smokers in First Nation communities 
(58.8% as compared to 24.2% in Canada), this relationship should be investigated 
further (18).  
Lower socio-economic status (SES) has been linked to chronic stress with 
mixed results (56-60). The measurement of cortisol in these studies was in serum, 
urine or saliva and these analyses may not be reflective of chronic stress. Thus, hair 
cortisol may be a better biomarker for assessing the link between SES and cortisol 
levels. Indeed, Dettenborn et al. (2010) found increased hair cortisol content in a 
group of unemployed individuals compared to those who are employed (61). Real 
and perceived stereotyping, stigmatization and discrimination of First Nation 
community members also act as potential stressors (62, 63).  
There is limited research on the effects of the external environment on hair 
cortisol levels including frequency of hair washing, cosmetic treatments and use of 
hair products. Repeated hair washing in hot water and shampoo has been found to 
decrease hair cortisol content in hair of rhesus monkeys and in one study with 
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humans (64, 65). However, the washing procedures in these two studies 
corresponded to 3- and 12- month washing equivalents in monkeys and humans, 
respectively. Considering the segment used for measuring hair cortisol content was 
located 5 cm from the scalp, the hair would have been exposed to a maximum of a 
5-month’s washing equivalent and thus the effects of hair washing may be more 
minimal when compared to the discussed studies. Immersion in water is reported to 
damage hair structure, which could be contributing to the decreases seen in hair 
cortisol content (66). A study by Sauvé et al. (2007) found that chemically treated 
hair had significantly lower hair cortisol concentrations than those with untreated hair 
(3). Conversely, Manenschijn et al. (2011) found no significant differences in hair 
cortisol content in hair that had been treated, had hair products used on it on the day 
of sample collection or in frequency of hair washing (67). These external 
environmental and personal factors could perhaps be contributing to hair cortisol 
values and to the difference between populations we have found in this current 
study. 
There are very few studies examining chronic stress and/or cortisol content in 
any Aboriginal community worldwide, yet interestingly, increased cortisol levels were 
reported in one Aboriginal community in Polynesia (68), one in Australia (69) and 
one in western U.S. (70) compared to the general population. Our report is the first 
known study comparing hair cortisol content of two distinct cultural groups. How 
cultural factors influence the stress response may play a critical role in the difference 
we observed.  
4.1.5 Conclusions 
As of the 2006 Canadian census, there are more than 1.1 million Aboriginal people 
in Canada, including fewer than 700,000 First Nations citizens (71). Although the 
health of Aboriginals is at the forefront of concern and research has increased 
rapidly in recent years – it is mainly focused on the morbidity and mortality 
inequalities that exist with the rest of the general population. There is little research 
that is focusing on the underlying pathophysiology. We propose that the increased 
hair cortisol content in this First Nation community is likely due to socio-economic 
factors and that this is worthy of further evaluation. These findings strongly suggest 
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that there is a biological impact of the social-economic discord seen between First 
Nation communities and the general Canadian population. Investigating community 
stress levels and how to reduce these could prove to be a novel approach to 
addressing and proposing solutions to First Nation health and socio-economic 
disparities. 
4.2 Manuscript 3: Henley P, Lowthers M, Koren G, Fedha PT, Russell E, 
VanUum S, Arya S, Darnell R, Creed IC, Trick CG, and Bend JR. Hair Cortisol 
as a Biomarker of Stress in sub-Saharan African communities. Can J Physiol 
Pharmacol. [accepted]. 
4.2.1 Background 
Chronic stress is known to negatively impact overall health status (72). Many 
individuals in sub-Saharan Africa are believed to be stressed about their job and 
employment status, their income, health and the health of their children. The World 
Health Organization (WHO) projects that by 2030 the majority of the population in 
sub-Saharan Africa will live in urban areas. This transition will involve the expansion 
of settlement communities (i.e. slums) where risks such as personal and food 
insecurity, inadequate water, sanitation and health facilities and services exist and 
are potential sources of stress for those who inhabit them (73-75). 
  Traditionally, cortisol has been measured in serum, saliva or urine as a 
biomarker of stress. However, these matrices have major disadvantages for 
measuring stress over long periods of time, as they only represent a single point in 
time. Cortisol levels in these matrices are also subject to major physiological daily 
fluctuations and thus, in order to characterize long-term (chronic) stress, multiple 
samples must be taken which is labour intensive and expensive for both participants 
and researchers. These setbacks make it difficult to measure chronic stress in large 
populations using the traditional matrices (76).  
  Circulating, lipophilic compounds such as cortisol are incorporated into the 
hair shaft (12). A direct correspondence between hair cortisol levels and Cushing’s 
syndrome, a physiological condition that exhibits well-defined changes in classical 
hypothalamic-pituitary-adrenal (HPA) axis activity demonstrates that systemic 
cortisol is deposited in, and reflects hair cortisol content (10). Thus, cortisol levels in 
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hair are increasingly being utilized as a biomarker of chronic stress (9, 10, 77-86). 
Hair grows on average 1 cm per month and thus 1 cm of hair represents 1 month of 
cortisol exposure, which mitigates the issue of inter- and intra- daily cortisol 
fluctuations. Hair samples are also easy to collect and store making this an attractive 
matrix for field studies.  
  Increased systemic cortisol is implicated in the development of numerous 
adverse health conditions; thus, this biomarker may allow insight into pathogenesis 
and disease progression. A Canadian study reported that mean hair cortisol 
concentrations were higher in patients with major chronic pain compared to non-
obese controls (85). Another study by members of our group found that median hair 
cortisol content in patients who had a confirmed acute myocardial infarction was 
significantly higher than in patients whose chest pains were attributed to other 
causes (87). These studies lend strong support to the use of hair cortisol as a 
biomarker of chronic stress, particularly in relation to an adverse health effect. 
Examination of hair cortisol content may also shed light on factors that contribute to 
chronic stress in community-based studies such as ours. Personal and cultural 
factors may shape stress through differences in socio-economic status and in the 
perception of stressors. 
  Little research has explored levels of stress in any African population. To the 
best of our knowledge, this is the first study that employs hair cortisol as a biomarker 
of chronic stress in Kenya, and the second in any African community. The earlier 
work of Steudte et al. (2011) showed that participants with post traumatic stress 
syndrome (PTSD) had higher hair cortisol content than those of traumatized controls 
from a civil war area in Uganda (84). By using hair cortisol as a biomarker, our study 
investigated the hypothesis that volunteers from settlement (slum) communities in 
Kenya exhibit stress levels above those in our reference group. We also set out to 
identify some of the sources of stress in these communities from completed health 
questionnaires. 
4.2.2 Methods 
4.2.2.1 Ethics Statement 
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This project was approved by the Research Ethics Board of Western University, 
London, Ontario, Canada (review no. 18199E) and the Kenya Medical Research 
Institute (KEMRI), Kenya (non SSC Protocol No. 220). Prior to administering the 
survey, clinicians completed an informed verbal consent process with each survey 
participant in Kiswahili. All hair samples were obtained following written receipt of 
informed consent, both in English and in Kiswahili and were coded immediately upon 
collection.  
4.2.2.2 Community-Based Participatory Research 
The Western University Ecosystem Health Research team has been continuously 
involved for over 6 years in community-based participatory research (CBPR) at 
Naivasha, Kenya in partnership with researchers at Egerton University, Njoro, 
Kenya. The CBPR model aims to enhance the significance of research by involving 
community members and local partners through collaborative, active partnerships in 
all phases of the study (88). Members of the clinical team, which included both 
Canadian and Kenyan investigators and community members, were actively 
involved in the research-selection and decision-making processes as well as in co-
learning and capacity building.  
4.2.2.3 Health and Stress Survey Instrument  
Health and socio-economic statuses (SES) were assessed using a survey 
instrument that asked questions surrounding indicators of SES, demographics, 
migration, water use and gender, general health status, and included a physical 
examination including measurement of height, weight and blood pressure. Height 
was measured using a measuring tape and recorded in cm, weight using a bathroom 
scale and recorded in kg, and blood pressure using a sphygmomanometer and 
recorded in systolic over diastolic blood pressures in mmHg. The survey tool was 
reviewed by 9 multilingual medical professionals, a focus discussion group with 10 
members from the communities in Naivasha, and pilot testing. The survey tool was 
pilot tested on June 2 and 3, 2011 in a sample of 20 participants in Kaptembo, 
Nakuru, Kenya, a settlement community similar to those in Naivasha and Mogotio. 
No issues were identified. The survey tool was finalized on June 10, 2011 at a 
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workshop in Naivasha, Kenya comprised of members from both Western and 
Egerton Universities as well as members from all of the Naivasha communities.  
4.2.2.4 Survey Implementation 
Two days of clinician training consisted of developing survey understanding, 
sampling, as well as pilot survey data collection to ensure quality delivery. One of 7 
trained Kenyan clinicians administered each survey verbally in Kiswahili, recording 
responses on paper. Participants were selected and approached by a local 
community representative. Implementation included the administration of the survey 
to 800 volunteers in the communities in Naivasha, Kenya between June 14 and July 
8, 2011. The survey was distributed representatively amongst each of the settlement 
communities in Naivasha (Karagita, Kamere/Kwa Muhia/DCK and Kasarani). Two 
hundred surveys were also administered to the settlement communities in Mogotio 
(Mogotio and Westlands/Katorongot). Each participant was provided with a unique 
code for confidentiality purposes.  
4.2.2.5 Hair Collection 
We randomly selected a subsample of approximately 200 participants of the 1,000 
from the settlements in Naivasha and Mogotio who participated in the health status 
survey for collection of hair samples. These samples were collected over 4 days 
(August 11, 12, 13 and 15, 2011) from individuals at the Karagita Dispensary and on 
August 20, 2011 at the Mogotio Chief’s Camp. Participants were provided with 
compensation for transportation costs incurred getting to and from the clinic/camp. 
Each participant from the health survey was provided with a new code and with a 
random number generator (Random.org) we selected the new codes to contact by 
phone. Hair samples were analyzed from a group of European descent (N=15) as a 
reference population. We also collected hair samples from the Kenyan members of 
our clinical team (N=9; 5 females; 4 males) who are certified clinicians living and 
working in Naivasha, Kenya at the time of hair collection. Although relatively small, 
this is a non-stressed Kenyan population. 
Hair was normally collected for cortisol analysis from the posterior vertex 
region as close to the scalp as possible, using scissors that were cleaned and 
disinfected with isopropyl alcohol and dried thoroughly between each use. Gloves 
 154	  
were worn during hair collection to prevent contamination of the samples. The 
posterior vertex region was chosen because most hairs in this area have the same 
growth rate and because the proportion of hair in the telogen growth phase is low 
(12). Little is known about hair growth in Africans, however one study demonstrated 
that African hair grows slower and has more hair in the telogen phase when 
compared to hair of Caucasians (89). This same study showed no difference in hair 
growth parameters between sexes, and that there was wide variation between 
subjects in rate of hair growth (89). Due to the prevalence of fake hairpieces for 
women in Kenya, many of the hair samples were taken from the hairline at the back 
of the neck to obtain real hair. For these reasons, we cannot approximate that one 
cm of hair growth is equal to one month of cortisol production.  
After collection, each sample was carefully inserted into an envelope, 
ensuring that the hair was not bent and the envelope was sealed with tape. Hair was 
transported to London, Canada in August 2011. The hair was stored at room 
temperature in the dark until analysis. In total, hair samples were collected from 108 
volunteers from the settlements in Naivasha (N=73) and Mogotio (N=35). Hair 
samples were also concurrently analyzed from a population of European descent 
(N=15) as a reference group. Hair samples were excluded in the subsequent 
grouped analyses if there was < 8 mg of hair collected, if variation between 
duplicates was > 20%, or if the hair cortisol content was > 1,500 ng/g (N=14 
excluded). The 14 individuals with hair cortisol levels above 1,500 ng/g were 
excluded from our analysis for two reasons. First, the ELISA assay used was no 
longer linear at these very high cortisol concentrations. Second, based on several 
studies with hair cortisol such concentrations are normally associated with 
contamination of the hair from an external cortisol source. Before excluding these 
individuals we checked to determine if these high hair cortisol values (> 1,500 ng/g) 
were more commonly associated with certain employment conditions, with socio-
economic conditions or with self-reported conditions leading to stress. In this 
analysis there were no differences in those with high hair cortisol vs. those with low 
hair cortisol based on sex; income level (both < and > 5,000 Kenyan Shillings (KSh) 
per month); marital status (single, married or divorced; widowed) or feel safe (yes or 
no). 
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4.2.2.6 Hair Cortisol Analysis 
Analysis for cortisol concentrations in hair is identical to that performed on the WIFN 
samples. This analysis is described in section 4.1.2.3 where an ELISA cortisol kit 
that was developed for salivary cortisol content and adapted for hair was utilized.  
4.2.2.7 Health Survey and Stress Scale Analysis 
We used GraphPad Prism 6.0 for statistical analyses. Normality of the data was 
tested with the D’Agostino and Pearson omnibus normality test. Hair cortisol data 
were not normally distributed so log-transformed values were used for analysis. In 
the first step, relationships between hair cortisol content and health status indicators 
were investigated using simple difference of means tests. Second, multiple linear 
regression models in which all variables were entered simultaneously were 
conducted to investigate the independence of hair cortisol relationships with 
individual predictors. The multiple linear regression analyses were performed with 
SPSS statistical software (version 21; IBM SPSS Statistics). The level of significance 
was set at p <0.05. Survey responses not adding up to total participant count 
indicate incomplete survey completion. 
4.2.3 Results 
Mean (SD) hair cortisol levels among the participants from the different settlements 
(Karagita, Kamere, Kasarani, Mogotio and Westlands/Katorongot) were not different 
from one another (Table 4.2.1) (ANOVA; P=0.332). For subsequent analysis, we 
combined the hair cortisol values from the different settlements in Naivasha and 
Mogotio, as they are similar settings to one another, in order to investigate potential 
sources of stress. The mean (SD) hair cortisol content from all settlement 
communities (639 ± 300 ng/g) was significantly higher than the mean (SD) hair 
cortisol content of the reference group of European descent (299 ± 110 ng/g) 
(ANOVA; P=0.0003) (Table 4.2.1). The results of the simple difference between 
means tests and the standardized multiple linear regression coefficients (with mutual 
adjustment for all variables) are presented in Table 4.2.2. Women from the 
settlements had a mean (SD) hair cortisol concentration of 679 ± 320 ng/g, which 
was significantly higher than among men (546 ± 224 ng/g) (Student’s t-test; 
P=0.0486) (Table 4.2.2). 
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 N Mean (SD) 
Hair 
Cortisol 
(ng/g) 
Settlements   
Karagita 37 580 (198) 
Kamere 13 575 (308) 
Kasarani 16 684 (267) 
Mogotio 17 737 (413) 
Westlands/ 
Katorongot 
11 698 (401) 
  P=0.332; 
ANOVA 
   
Settlements 
combined 
94 639 (300)* 
Reference 15 299 (110) 
  P=0.0003; 
ANOVA 
 
Table 4.2.1 Mean (SD) hair cortisol concentrations (ng/g) by population 
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 N Mean Hair 
Cortisol 
(SD) (ng/g) 
SML1  
Regression 
Coefficients 
 
Sex    
Male 28 546 (224)  
Female 66 679 (320)  
  Student’s t-
test; 
P=0.0486 
0.098; P=0.605 
    
Age    
< 20 4 650 (340)  
20-24 21 572 (217)  
25-29 16 642 (297)  
30-34 18 672 (359)  
35-39 8 603 (230)  
40-44 8 523 (225)  
45-49 9 682 (374)  
50-59 8 690 (302)  
60+ 2 966; 1478*  
  ANOVA; 
P=0.0534; 
-0.024; 
P=0.914 
    
Marital Status    
Single 23 631 (287)  
Married 57 612 (263)  
Divorced 7 944 (367)  
Widowed 6 646 (451)  
  ANOVA; 
P=0.0485 
-0.178; 
P=0.427 
    
Education    
No formal 3 835 (478)  
Lower Primary 5 752 (225)  
Upper Primary 41 641 (316)  
Secondary 42 618 (286)  
Tertiary 3 525 (248)  
  ANOVA; 
P=0.599 
-0.013; 
P=0.955 
    
Income    
< 5,000 KSh per 
month 
14 752 (270)  
> 5,000 KSh per 54 581 (235)  
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month 
  Student’s t-
test; 
P=0.0216 
-0.462; 
P=0.027 
    
Do you smoke?    
Yes 13 660 (391)  
No 81 636 (286)  
  Student’s t-
test; P=0.506 
-0.059; 
P=0.743 
    
Do you feel 
safe? 
(collecting 
water and going 
to the 
bathroom) 
   
Yes 70 607 (282)  
No 24 734 (335)  
  Student’s t-
test; 
P=0.0370 
-0.090; 
P=0.667 
    
Have you ever 
been assaulted 
when collecting 
water or going 
to the 
bathroom? 
   
Yes 14 681 (298)  
No 86 628 (297)  
  Student’s t-
test; P=0.541 
0.095; P=0.601 
    
Body Mass 
Index (BMI) 
Status 
   
Underweight 4 604 (399)  
Normal 22 642 (261)  
Overweight 5 749 (149)  
Obese 6 604 (264)  
  ANOVA; 
P=0.330; 
-0.116; 
P=0.530 
1 Standardized Multiple Linear Regression (with mutual adjustment for all variables 
input) 
Table 4.2.2 Mean (SD) hair cortisol concentrations (ng/g) by health status
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The mean (SD) hair cortisol content of Kenyan clinical team members was 360 ± 
134 ng/g, not different from our reference group of European descent (Student’s t-
test: P=0.220). There was also no difference between the mean (SD) hair cortisol 
content in male (N=4) vs. female (N=5) members of the Kenyan clinical team (348 ± 
118 ng/g and 369 ± 160 ng/g, respectively). Using data from Kenyan clinical team 
members, we conducted an age- and sex-matched comparison to the participants 
from the settlement communities. The mean (SD) of hair cortisol content of males, 
aged 20-24 is higher in participants from the settlements (530 ± 118 ng/g) vs. the 
Kenyan clinical team (348 ± 118 ng/g); P=0.0234). The mean (SD) of hair cortisol 
content of females, aged 20-24 is also higher in participants from the settlements 
(618 ± 292 ng/g) vs. the Kenyan clinical team (316 ± 121 ng/g; P=0.0140). 
Significant differences were also found between those from the settlements in 
Naivasha and Mogotio who made less than 5,000 KSh per month (approximate 
minimum wage in Kenya for unskilled employees) compared to those who make 
more than 5,000 KSh per month; among settlement volunteers who reported feeling 
unsafe collecting water or using sanitation facilities compared to those who report 
feeling safe and in participants who were divorced compared to those who are 
single, married or widowed (Table 4.2.2). The differences in hair cortisol content due 
to income and marital status were also apparent when separating the settlement 
communities by sex, however significance could not be determined due to shortage 
of males in each of these groups for analysis. In the multiple regression analysis, 
income remained the most significant determinant of hair cortisol content after 
mutual adjustment for each other factor. The fraction of variance in hair cortisol 
explained by this multiple linear regression model was R2=0.273. 
4.2.4 Discussion 
We found increased hair cortisol concentrations among volunteers from the slum 
settlements in Naivasha and Mogotio compared to the reference group of European 
descent. We found no difference in the hair cortisol content of the Kenyan clinical 
team vs. our reference group of European descent although the sample size in each 
case is not large. Thus, we believe the significantly higher hair cortisol content in 
individuals from the settlement communities than in members of the reference group 
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is reflective of increased chronic stress, and not just potential differences between 
hair cortisol levels of those of African and white descent. Of particular note, in the 
simple difference of means tests we found participants who are female, divorced, 
feeling unsafe using sanitation facilities and/or collecting water and making less than 
the minimum wage in Kenya have significantly higher hair cortisol content than their 
comparative controls. After conducting a multiple linear regression with mutual 
adjustment for all factors, income remained the major significant determinant of hair 
cortisol content. Collectively, this suggests that chronic stress, as assessed by 
increased hair cortisol, is greater in certain individuals living in these communities 
and that personal and cultural factors are playing a large role in explaining our data. 
The role of cultural consensus or sociocultural congruity in the stress response 
appears to be contributing to the difference in hair cortisol we observed (90, 91). 
Incongruity with social or behavioral norms in a culture has been found to be 
positively associated with hypothalamic-pituitary adrenal (HPA) activity and thus, 
increased cortisol levels (92). Faresjo et al. (2013) compared hair cortisol levels and 
perceived stress in young Greek adults who were very concerned about the financial 
crisis to young Swedish adults under much less economic pressure (93). The 
Greeks had higher perceived stress, greater depression and more anxiety than the 
Swedes but had significantly lower hair cortisol. This suggests chronic stress in the 
Greek subjects led to decreased cortisol levels and depressed hypothalamic-
pituitary-adrenal (HPA) axis activity. It is known that chronically elevated levels of 
cortisol can down-regulate the HPA system, resulting in decreased cortisol. This 
association occurs in some pathological conditions including PTSD (94). This is in 
marked contrast to our current findings, which showed the participant groups who 
were most stressed had highest hair cortisol levels. Differences in hair cortisol 
content will be discussed below, in the context of responses from the health status 
survey. 
4.2.4.1 Hair Habits 
How the external environment impacts hair cortisol content is not well studied and 
there are inconsistent reports on this subject in the literature. Repeated hair-
washings in hot water and shampoo were reported to decrease hair cortisol content 
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by some and this could perhaps be due to damage of the hair structure (64-66). 
Conversely, Kirschbaum et al. (2009), Manenschijn et al. (2011) and Stalder et al. 
(2012) found no significant differences in hair cortisol content in hair related to 
frequency of hair-washing or treatment (9, 80, 95). These results are consistent with 
those of a very recent study that found that sweating might increase hair cortisol 
levels but that this increase cannot be effectively decreased by hair-washing 
procedures (96). In the same study Russell and his colleagues also showed that 
cortisol is present in sweat and its cortisol content correlated with salivary cortisol 
levels, indicating that cortisol levels in sweat could reflect acute HPA activity. All of 
these studies were performed using hair of Caucasians, with no data available on 
the effects of hair-washing on African hair. Consequently, hair-washing frequency 
and the effect of sweat could be contributing to the differences in hair cortisol 
content we found between sexes and between volunteers from the slum settlements 
vs. those from the Kenyan clinical team. Females from the settlements had higher 
hair cortisol than males from the settlements, whereas female members from the 
clinical team had similar hair cortisol levels to male members of the clinical team. 
This implies that the potential effects of hair-washing do not preclude the use of hair 
cortisol as a biomarker of chronic stress in sub-Saharan Africa. Many African women 
braid their hair and/or wear wigs, fake hairpieces or scarves on their head (97). In 
general, women typically only wash their hair when they go to the salon, which is 
about once a month to once every 3 months, whereas men typically wash their hair 
every time they shower and also keep their hair very short (98). Females from the 
settlements had higher hair cortisol than the males, which could reflect hair-washing 
habits. The effects of hair-washing frequency and of sweating need to be studied in 
African hair, in order to strengthen the use of hair cortisol as a biomarker of stress in 
this region of the world. 
4.2.4.2 Sex and Gender Differences 
Dissimilar to many previous studies that examine sex differences in cortisol 
secretion, we found increased hair cortisol levels in females when compared to 
males from the settlement communities. Kirschbaum et al. showed that men have 
larger adrenocorticotrophic hormone (ACTH) increases than women and thus would 
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typically have higher levels of cortisol. A large (N=360) study found that European 
men have higher hair cortisol content than European women (99) although other 
studies found no differences in cortisol secretion in hair between sexes (78, 95). 
In Kenya, women are often responsible for both productive tasks such as 
running a household, caring for children, collecting water, gathering firewood, food 
production as well as their reproductive roles. Consequently, Kenyan women 
typically perform the largest share of labour, which could be reflective of their 
increased hair cortisol levels (100). In addition to assuming productive and 
reproductive roles, many women also experience stress from formal work outside 
the home. 
There is increased HPA axis activity during pregnancy; concomitantly, this 
can also be a stressful period in a woman’s life (9, 77, 101). We did not note whether 
the women we surveyed were pregnant or if they recently had a child as these 
factors could contribute to their hair cortisol levels. Based on 2007 estimates, 
women in Kenya on average give birth to 4.9 children (102). Thus, the likelihood that 
some of the women we surveyed were pregnant or recently had a child is relatively 
high considering that 57% of our female participants were of prime reproductive age 
(between 18 and 35 years). 
4.2.4.3 Marital Status 
We found increased hair cortisol content in participants from the settlements who 
were divorced compared to those who were single, married or widowed (Table 
4.2.2). Divorce is generally discouraged in Kenya, with only 7.5% of current 
respondents indicating that their marital status was divorced. Marriage in Kenya is 
often more than just the joining of a man and a woman, but a linking of two families. 
Although it has become more common to divorce in recent years, the couple is often 
pressured by their families and the community to resolve their differences (100, 
103). The current divorce laws in Kenya also make the process difficult and often, 
insurmountably costly (103, 104). 
One of the main reasons for a woman to divorce her husband is due to 
cruelty. Men divorce women mainly due to unfaithfulness, incompatibility and 
infertility (100). Thus, those participants in our study who are divorced could be more 
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stressed as a victim of violence or an inability to bear children. Participants who are 
divorced could have increased stress as they are the sole caretaker for their children 
and must rely upon other kin for help with childcare.  
4.2.4.4 Income 
Income is an indicator of SES. Forty-two percent of Kenyans live in poverty, 
demonstrating the extent of the issue (100). A study of preschoolers in Vancouver, 
Canada found that maternal and paternal education, but not parental income was 
linked with increased hair cortisol (105). However, the hair cortisol content in these 
preschoolers whose parents made < $20,000 (the poverty line in this setting) was 
significantly higher than in children with parents whose annual income was > 
$20,000 (105). This is sufficient evidence to indicate that poverty can be related to 
elevations in children’s hair cortisol content. As with our current study, poverty is 
associated with increased stress due to many aspects of survival. These findings are 
in line with many previous studies utilizing other matrices to analyze biomarkers of 
cortisol secretion (salivary, serum and urine) that have found a relationship between 
increased cortisol secretion and low income (106-110). 
4.2.4.5 Toilets and Water Collection 
Many people in slum settlement communities, particularly women, have to travel 
considerable distances to go to the toilet and shower facilities and to collect water, 
putting them at greater risk to harassment and violence, particularly rape. Volunteers 
who responded that they felt unsafe collecting water or going to the toilet had 
increased hair cortisol content. The lack of safe and clean water and/or sanitation is 
a violation of a recent (2010) United Nations (UN) resolution to the Universal 
Declaration of Human Rights which also stated that access to water and sanitation is 
needed to realize all other human rights (111). Our findings of higher hair cortisol 
content in participants who responded ‘no’ to whether they feel safe collecting water 
and going to the toilet could be reflective of a human rights violation manifesting as 
increased chronic stress. Distance (too far), no privacy, lack of security and 
cleanliness were stated as reasons why volunteers in our current study reported not 
feeling safe going to the toilet or collecting water.  
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In 2009, an UN independent expert stated that access (and safe access) to 
sanitation should be considered a basic human right, as it “evokes the concept of 
human dignity” (111). The literature shows that individually perceived violations of 
dignity can be physically experienced (112, 113). Chilton (2006) describes the 
dignity approach, a framework to exploring and addressing human rights violations 
at the individual level that have been linked to chronic stress and poorer health 
(112).  
4.2.4.6 Stress in Africa 
There are few studies of stress outside of Western countries. The only other study 
we found that utilized analysis of hair cortisol in an African population found that 
participants with PTSD had higher hair cortisol content than traumatized controls 
from a civil war area in Uganda (84). A study that examined Kenyan elders caring for 
their orphaned grandchildren and the impact of this care giving on perceived and 
physiological measures of stress found that caregivers have higher levels of 
perceived stress as determined by a culturally-modified perceived stress scale than 
non-caregivers (114). A study of pastoralist women from Northern Kenya reported 
that culturally defined local idioms of stress were the most sensitive indicators of 
psychosocial experiences, showing high concordance with salivary cortisol levels 
(115).  
Although we did not find a difference in hair cortisol content between 
participants who responded ‘yes’ or ‘no’ to the question, “Have you ever been 
assaulted when collecting water or going to the bathroom” (Table 4.2.2), this does 
not indicate that trauma does not play a role in chronic stress. There are many 
manifestations of violence seen in this region of the world, particularly against 
women such as wife abuse, rape, trafficking and incest, which we did not 
investigate. A previous study conducted in Kenya reported that 42% of the women 
surveyed had been physically assaulted by a partner (116). In our current study, 
there may have been an underreporting of the trauma the female participants 
experienced that was not captured in the survey or the hair cortisol data. 
4.2.5 Conclusions 
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The effect of hair-washing frequency and sweating on hair cortisol content should be 
studied in African hair, in order to validate the use of hair cortisol as a biomarker of 
chronic stress in this region of the world. The lack of information about the effect 
hair-washing frequency has on hair cortisol content in our volunteers prevents us 
from definitely concluding there were differences between males and females in the 
settlements.  However, our findings that there was no difference in the level of hair 
cortisol in females vs. males of the Kenyan members of the clinical team in concert 
with the correlations between cortisol content and the responses from the health 
survey strongly support the application of hair cortisol as a biomarker of stress in 
sub-Saharan Africa.  
Unlike other research that portrays low socioeconomic status as merely a 
product of life’s circumstances, these findings represent both political and social 
issues that can and should be realistically addressed. The fact that people who 
make below the minimum wage in settlements in Kenya have significantly increased 
hair cortisol, even after controlling for all other factors, indicates they do not have 
sufficient income to meet basic needs. This should be an impetus to increase 
minimum wage in Kenya to ensure citizens are earning enough to survive. Almost a 
quarter of the participants surveyed did not feel safe collecting water or going to 
sanitation facilities, and also have increased hair cortisol content. This is an area 
where a solution could tangibly be implemented to decrease stress in the 
community.  
Social and cultural factors that may be contributing to chronic stress were 
identified, particularly gendered aspects of social life in Kenya, which historically has 
been a patriarchal society. A challenge in public health research is the integration of 
cultural and social factors that can link the aggregate and the individual with a 
biomedical measure. In line with our current results, examining chronic stress by 
analysis of hair cortisol levels could be an appropriate and sensitive marker to 
measure differences in cultural factors. 
To our knowledge this is the second hair cortisol analysis for any African 
population and it is premature to make general, over-riding conclusions. Our sample 
size was relatively small, and socio-demographic variables such as age and gender 
were not matched in comparisons among populations.  
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When contrasting or comparing populations, particularly in the case of the 
subgroups presented here, measurement of hair cortisol allows us to simultaneously 
evaluate socio-economic factors, health status, environmental factors and their 
cumulative contribution to chronic stress. Quantifying chronic stress through hair 
cortisol content could be used to identify both communities and specific members 
therein who could profit from stress management strategies and/or make 
modifications in risk behaviours that contribute to poor health outcomes. 
Investigating community stress levels could prove to be a novel approach to 
addressing and proposing solutions to the health and socio-economic disparities 
seen in this region of the world. 
4.3 Recommendations  
• Several research-based priorities on hair cortisol were revealed including: 
o The contribution of hair hygiene habits 
o Determining an appropriate reference range  
o Elucidating the contribution that socio-economic, cultural and 
geographic factors have on chronic stress 
• The relationship between stress and a loss of culture, language, identity, and 
pride as well as a change in diet in First Nations also needs to be further 
investigated  
• It is apparent that not only should current life circumstances be taken into 
account when investigating causes of stress in Aboriginal populations but also 
past traumatic experiences (both direct and intergenerational)  
• An intervention study should occur to validate the use of hair cortisol 
concentration in African populations  
• Increase minimum wage in Kenya to ensure citizens are earning enough to 
survive as well as improve access to and safety of water and sanitation 
facilities 
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5.0 MEASURING AND INTERPRETING BIOMARKERS OF ENVIRONMENTAL 
CONTAMINANTS 
Chapter 5 describes the investigation of exposure to environmental contaminants at 
Walpole Island First Nation. Results of the biomonitoring studies for concentrations 
of toxic and nutritional metals and metalloids (section 5.1; manuscript 4); and POPs 
(section 5.2; manuscript 5) in volunteers and in traditional fish and game species 
captured at WIFN are presented. Recommendations are presented in section 5.3. 
5.1 Manuscript 4: Henley P, Jahedmotlagh Z, Koren G, Rieder MJ, Tucker, MJ, 
Darnell R, Jacobs, D, Peters J, Johnson J, Williams NC, Williams RM, and 
Bend JR. Exposure to Toxic Metals and Ecosystem Health at a First Nation in 
Canada: A Baseline Biomonitoring Study. 2014.  
5.1.1 Background 
Exposure to toxic metals such as arsenic (As), lead (Pb), cadmium (Cd) and 
mercury (Hg) can occur naturally, however exposure also occurs as a consequence 
of human activity. For public health reasons, it is imperative to determine the extent 
of such exposure in order to identify risks as well as to identify where intervention 
strategies may be needed target groups. There is a growing awareness and concern 
surrounding exposure to toxic metals (especially at population- representative, 
environmental levels) and their impacts on human health. This is particularly true in 
First Nation communities in Canada where members can be disproportionately 
exposed to contaminants when compared to the general Canadian population (1). 
Members of First Nation communities are bound to the environment through their 
traditional foods, water and land, thus potentially increasing their exposure to 
environmental contaminants. Despite the benefits traditional foods have for cultural, 
social, psychological, nutritional and economic well-being, a decrease in activities 
such as hunting and fishing as well as a decrease in consumption of traditional food 
is seen in some First Nations due to fear of contamination (2-4). 
In partnership with Walpole Island First Nation (WIFN), this community-based 
study aims to establish baseline concentrations of four toxic metals (As, Cd, Pb and 
Hg) in blood and hair of a sample of WIFN volunteers as well as in species 
commonly used as traditional foods in that community. The major motivation to 
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establish this baseline level is to be able to track trends of exposure over time, to 
compare current levels to reference values in other populations, and to establish 
potential links between body burdens of toxic metals and health outcome. Most 
notably, the aim is to provide information to help to protect members of the 
community, and in particular susceptible subpopulations such as women and 
children, particularly as exposure to environmental contaminants is a major concern 
at WIFN. We focused on four toxic metals (As, Pb, Cd and Hg) with a known 
adverse health outcome at sufficient exposure, where the WIFN community has 
major concerns surrounding exposure, and where implemented interventions may 
reduce exposure. These four metals have been ranked among the top ten toxic 
substances by the Agency for Toxic Substances and Disease Registry (ATSDR) (5).  
Chronic exposure to As has been linked to health conditions such as heart 
and liver disease, skin, lung and bladder cancer and gestational diabetes (6). 
Moreover, high levels (<0.5 µg/L - 2.1 µg/L) of As in drinking water in areas of the 
world including Bangladesh, Taiwan and Mexico have been linked to an increased 
incidence of type 2 diabetes (7, 8).  
Exposure to Pb can cause damage to the kidneys and brain and has been 
linked to renal disease, hypertension, and cardiovascular mortality (9). Chronic Pb 
exposure can lead to adverse neurological outcomes including mild metal 
retardation and an adverse neurological impact on the developing fetus through 
maternal exposure (9).  
Cd has been classified as a carcinogen by the International Agency for 
Research on Cancer (IARC), with links primarily to lung cancer (10). Chronic 
exposure to Cd has also been linked to renal damage, bone mineral density loss and 
hypertension (11).   
Methylmercury (MeHg) contamination is a serious global issue affecting both 
human and ecosystem health. The primary source of MeHg exposure in humans is 
through fish consumption (12, 13). At high exposures in children and adults, MeHg 
can cause sensory impairment, disturbed sensation, lack of coordination and 
dysphasia, skin discoloration as well as an increased risk of cardiovascular disease 
and hypertension (14). A lowest observable adverse effect level (LOAEL) of 0.3 µg/g 
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of maternal hair based on mild neurodevelopmental problems has been established 
(15).   
Recently, it has become feasible to measure trace amounts of contaminants 
in biological samples that that are not of toxicological concern. It should be noted 
that the detection of a chemical in blood or hair does not necessarily indicate that it 
will have a negative health impact. This community-based study set out to test 
whether members of a First Nation, with historical exposure to environmental 
contaminants, exhibit increased levels of As, Cd, Pb and Hg when compared to the 
general North American population. We also hypothesized that traditional fish and 
game are a significant source of exposure to these toxic metals so these same 
metals were analyzed in ten common traditional foods at WIFN.  
5.1.2 Material and Methods 
5.1.2.1 Subjects and Setting  
Walpole Island First Nation (WIFN) has a population of approximately 4,400, with 
approximately half (2,500) living on the Bkejwanong First Nation reserve, which is 
located along the border between Ontario, Canada and Michigan, U.S. (16). 
Members of the WIFN rely on the St. Clair River and/or Lake St. Clair for food, 
water, and economic survival. Located downstream from Sarnia’s “Chemical Valley”, 
a high density petrochemical industry complex where approximately 60 factories are 
located within Canada and the U.S. 25 kilometers or less from the WIFN (17) has 
resulted in many historic and more recent documented releases of toxic chemicals 
including metals and persistent organic pollutants (POPs) into the St. Clair River and 
Lake St. Clair. More specifically, an estimated 400 tonnes of Hg were released into 
the St. Clair River over many years from two chlor-alkali plants (18). This Hg 
contamination forced the closure of the WIFN fishery, one of the most productive on 
the Great Lakes for the decade of the 1970s resulting in huge financial and 
occupation losses with concomitant changes to culture and traditional lifestyle. 
Environmental contaminants released into the St. Clair River, reinforced by these 
very large amounts of Hg, remain to this day a major health concern of Walpole 
Island residents (19).   
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In the WIFN community, the health effects of water pollution are varied and 
reach beyond the physiological. For centuries the people of WIFN have had a strong 
interaction with, and reliance upon their surrounding environment. Water is of great 
importance to First Nations as it is used for nourishment of the land, all of creation, 
and is culturally significant. It has provided a historical base for the economy and 
trade between other First Nations, as well as a traditional source of food.  Fishing, 
hunting, and trapping are essential components of the cultural and traditional 
lifestyle. Many WIFN members feel that their water and food supply have been 
jeopardized by pollution (19). Heightened concern over the safety of eating fish in 
some cases, has led women to stop serving fish to their families (20). As such, 
members of WIFN Heritage Centre approached the Faculty of Medicine at Western 
University to initiate a research partnership to study the current effect of 
environmental contaminants on the health status of WIFN members, particularly 
those who consume traditional foods such as fish and game. This is a community-
based project and the priorities were established by members of the WIFN led by 
Committees of the WIFN Heritage Centre and the WIFN Health Centre. Community 
participation and volunteer recruitment was solicited through flyers distributed in the 
community; and through articles written by Professors Bend and Darnell that 
appeared in the Walpole Island Health Centre and Walpole Island Heritage Centre 
newsletters that explained the study and requested volunteers contact either the 
Health or Heritage Centre.  
5.1.2.2 Community-based Participatory Research 
This report is a conglomeration of several multi-disciplinary, community-based, 
collaborative investigations (from 2006 to today). It is the product of a research 
partnership between WIFN and the Ecosystem Health Research Team at the 
Schulich School of Medicine and Dentistry, Western University, Canada. The 
Western University Ecosystem Health Research team has been continuously 
involved over 10 years in community-based participatory research (CBPR) at WIFN. 
CBPR is an emerging model to enhance the relevance of biomedical research by 
involving community members through a collaborative, equitable partnership that is 
active in all phases of the research process (21). This study illustrates the guiding 
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principles of CBPR including focusing on a local, relevant public health concern, 
engaging community partners in research- and decision-making processes and 
fostering co-learning and capacity building. The aim of CBPR is to increase 
knowledge and to translate it into interventions, policy and social change in order to 
improve the health and well being of community members. As such, results were 
disseminated to all local partners and they were involved in wider dissemination 
within the community and beyond. The direct contributions of traditional knowledge 
to this project were essential. For example, members of the Project Advisory Group 
at WIFN determined which traditional food species should be sampled for toxic 
metals, and a member of this group spearheaded the collection of the fish and game 
samples from his knowledge of the traditional hunting and fishing areas at WIFN. As 
indication of the strong support of the WIFN community for evaluating the potential 
effects of environmental contaminants, the Chief and Band Council passed two 
resolutions to facilitate the research.  
5.1.2.3 Health Status Survey 
An adapted version of the 2006 Statistics Canada Aboriginal Children’s Survey was 
developed through collaborative dialogue between members of the Ecosystem 
Health Research Team from WIFN Health and Heritage Centres and the Schulich 
School of Medicine & Dentistry, Western University with consultation within the 
WIFN community. The survey was a detailed inquiry into the health status of WIFN 
participants, their children and grandchildren. It asked questions regarding 
socioeconomics, dietary habits and self-reported health problems. Ninety-one 
percent of the 57 questionnaires distributed were completed and returned for 
analysis. 
5.1.2.4 Fish and Game Sample Collection 
Fish samples were collected over two study periods, March 2006 and March 2010. 
In 2006, 102 samples of fish were collected: 11 samples of Sunfish (Lepomis 
gibbodus), 23 of Bluegill (Lepomis macrochirus), 5 of Crappie (Pomoxis annularis; 
nigromaculatus), 18 of Yellow Perch (Perca flavescens), 1 of Northern Pike (Esox 
lucius), 14 of Walleye (Pickerel) (Sander vitreus), 3 of Bowfin (Amia calva), 21 of 
Rock Bass (Ambloplites rupestris), 3 of Largemouth Bass (Micropterus salmoides) 
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and 3 of Smallmouth Bass (Micropterus dolomieu). In 2010, 4 samples of Yellow 
Perch, White Perch (Morone americana), Rock Bass, Walleye (Pickerel), 
Smallmouth Bass, White-tailed Deer (Odocoileus virginianus), Muskrat (Ondatra 
zibethicus), Mallard Duck (Anas platyrhynchos) and Woodcock (Scolopax minor) 
and 2 samples of Crappie were collected. Fish and fowl samples were placed on ice 
as soon as possible after being caught prior to dissection or filleting. Muscle samples 
were removed from deer as soon after hunting as possible and then frozen. 
Processing was normally performed on the day of capture, or in a very few cases, on 
the next day. During processing, the species, date of capture, and size of each 
specimen was noted.  Next, two muscle samples were collected (10 g minimum) 
from each species. All fish and game samples were analyzed according to Canadian 
Association for Environmental Analytical Laboratories (CAEAL) accredited standard 
operating procedures (22) at the Great Lakes Institute for Environmental Research 
(GLIER) laboratory, University of Windsor. 
5.1.2.5 Hair and Blood Collection 
Hair and blood samples for metal analysis were collected in May 2008 at the WIFN 
Health Centre. Blood samples for metal analysis were collected and stored in EDTA 
Becton Dickinson Vacutainer tubes and were refrigerated at 5o C until analysis, as 
soon after collection as possible (1-4 days). Hair was collected from the posterior 
vertex region as close to the scalp as possible, using scissors that were cleaned and 
disinfected with isopropyl alcohol and dried thoroughly. Up to 1 gram of hair was 
collected from individuals with long hair to permit segmental analysis of toxic metals. 
After collection, each sample was inserted into an envelope, ensuring that the hair 
was not bent and stored at room temperature in the dark until analysis. The first 4 
cm of hair (4 months of hair growth) were routinely analyzed for toxic metal content. 
Where hair was long enough (N=9), subsequent 4 cm sections were cut, 
representative of 4 months of exposure, in order to examine seasonal changes in 
toxic metal levels. All analyses of volunteer hair or blood for toxic metals were 
performed at the London Health Science Centre (LHSC) Trace Elements Laboratory 
for metal analysis.  
5.1.2.6 Hair and Blood Sample Analysis 
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Laboratory analysis for As, Cd, Pb and Hg, in hair was accomplished by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS). Hair samples were washed in 0.1% 
Triton X and rinsed 3 times in de-ionized water to remove external contamination 
prior to analysis. The samples were then dried in an oven at 70o C for 30 min and 
digested with redistilled nitric acid (HNO3) for 1 h. Whole blood samples were 
digested with equal amounts of nitric acid (HNO3) and hydrogen peroxide (H202). All 
samples (hair and blood) were then diluted to 10 mL with purified water for analysis. 
Total metal concentrations were determined using a highly sensitive Finnigan MAT 
Element ICP-MS and monitored using quality controls and commercial hair 
standards. Detection limits for all toxic metals were 0.01 µg/g or lower.  
5.1.2.7 Fish and Game Sample Analysis 
In 2006, Hg was determined from a 2 - 3 g muscle sample of fish. In 2010, As, Cd, 
Pb and Hg were analyzed in a 2 - 3 g muscle from fish or game. The samples were 
digested with 5 mL 1:1 sulfuric acid (H2SO4): nitric acid (HNO3) in a microwave, 
purified, and then analyzed by Inductively Coupled Plasma Optical Emission 
Spectrophotometry (ICP-OES) on an IRIS #701776 instrument (Thermo Jarrell Ash 
Corporation). The sample response was compared against that from a standard 
calibration curve. Quality assurance/quality control procedures included analysis of 
three method blanks (purified water), three certified biological reference tissues, and 
two randomly selected duplicate samples. Method detection limits (ng/g dry weight) 
were As = 1.6; Cd = 0.1; Hg = 0.10 and Pb = 1.0. 
5.1.2.8 Fish Consumption  
In 2006, a WIFN Fish Consumption Diary template was created for participants to fill 
in data including date of each meal, length of the fish or fish fillet (cm), the species of 
fish, the area the fish was caught (if known), the part of the fish consumed, the taste 
of the fish (good, very good, or tainted) and general comments. A portion size of 100 
grams (equivalent to the portion size defined by the Canadian Food Guide (2006)) 
was used if portion was not specified by the participant. Ninety-three members of the 
WIFN community completed a template.  
5.1.2.9 Health Records  
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Informed consent was received from 54 of the 57 WIFN volunteers for analysis of 
their health records held at the Walpole Island Health Centre for conditions that 
could have a possible association with exposures to chemicals that occur as 
common environmental contaminants. Fifty records were located and relevant 
components of the records were saved in an electronic template. 
5.1.2.10 Data Analysis 
The values of metal concentrations in whole blood of WIFN volunteers were 
compared to several literature values where applicable. These included reference 
values of the general Canadian and U.S. populations (Canadian Health Measures 
Survey (CHMS) and National Health and Nutrition Examination Survey (NHANES), 
respectively) as well as any appropriate guidance values, toxicity levels and normal 
reference ranges (23, 24). This includes a reference group for the London Health 
Sciences Centre (LHSC) Trace Metals Lab where the laboratory analysis of our 
samples was performed. This reference range was determined from analysis of 
approximately 100 healthy young adults, many of them college and university 
students from London and Toronto, Ontario and is intended to represent the normal 
range for these toxic metals in residents of central and southern Ontario, the location 
of the population being studied. Health Canada has established guidance levels for 
lead (10 µg/dL) and mercury content (20 µg/L) in blood (25, 26) which none of the 
samples surpassed. ‘Normal’ and ‘toxic’ levels of selected metals in blood were 
established by Flanagan & Jones (27) and/or the Agency for Toxic Substances and 
Disease Registry (ATSDR) (9, 10). For the metals measured in whole blood and in 
hair, the ratio of hair content to blood content for these metals is also shown. Levels 
of toxic metals were compared between sexes using the Mann-Whitney U test. Hair 
and blood toxic metal levels were compared using the Spearman rank correlation 
test. We used GraphPad Prism 6.0 for the statistical analyses.  
5.1.2.11 Ethical Approval 
The research presented was approved by the Health Canada Research Ethics 
Board (REB-2009-0006), the Western Research Ethics Board (13752E) and a 
Bkejwanong Territory Resolution from the Chief and Council of Three Fires (2140-
08). 
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5.1.3 Results 
5.1.3.1 Community-based Participatory Research 
5.1.3.1.1 Community-wide Follow-up 
Information from this study was made available to WIFN community members at all 
stages of the process. Grouped results of toxic metals levels were reported back to 
the WIFN community through presentations to local committees (WIFN Health and 
Heritage committees) and later, through several community-wide presentations that 
were advertised in the local Health Centre and Heritage Centre newsletters. 
Following approval from the Chief and Council, individual WIFN participants were 
also invited to review their individual toxic metal levels with a clinician during two 
follow-up days conducted at Walpole Island (N=30 volunteers participated). At this 
time, we asked for informed consent to insert these data into participants’ health 
records kept at the WIFN Health Centre (N=28 volunteers participated). The 
database created is intended to serve as an important research tool for future 
community health research projects at WIFN.  
5.1.3.2 Mercury Follow-up 
Compared to previous studies investigating Hg in hair and plasma, the current levels 
found in volunteers at WIFN are not of clinical concern. Seven of the female 
participants had hair Hg levels that equaled or surpassed the conservatively 
established LOAEL (lowest observable adverse effect level) for fetal 
neurodevelopment of 0.3 microgram per gram of hair (15). Maternal hair Hg content 
above this LOAEL could enhance risk for detrimental effects on neurodevelopment 
in the developing fetus. Consequently, although the concentrations of Hg in 
volunteers at WIFN are of no toxicological concern for adults, they may be of 
significance for women planning on becoming pregnant, in the context of their 
developing babies. We made individual appointments to follow-up with the 7 women 
who had Hg levels of 0.3 µg/g or higher and provided them with a dietary plan to 
decrease their Hg exposure if they plan to become pregnant (N=3 volunteers 
participated). There is a well-known relationship between the amount and type of 
fish eaten and the amount of Hg in hair, so that decreasing fish consumption and/or  
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 Prevalence 
Sex 
Male 
Female 
 
58.9% 
41.1% 
  
Age 
<20 
20-29 
30-39 
40-49 
50-59 
60+ 
 
8.2% 
6.1% 
16.3% 
14.2% 
22.4% 
32.7% 
  
Smoking 58% 
  
Health Conditions1 
Diabetes 
Kidney Disease 
Asthma 
Respiratory Allergy 
Food Allergy 
Attention Deficit Hyperactivity 
Disorder (ADHD) 
Heart Condition or Disease 
 
33.3% 
17.1% 
51.2% 
43.2% 
41.9% 
29.7% 
 
15.2% 
  
Traditional Food 
Consumption 
Fish 
Small Game 
Large Game 
Game Birds 
Never Eat Fish 
 
 
82% 
51% 
84% 
88% 
23.8% 
1self-reported 
 
Table 5.1.1 Socio-demographic and health characteristics of the WIFN  
volunteers  
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eating fish with low mercury content will decrease exposures to methylmercury and 
the risk for problems of neurodevelopment in the growing fetus. 
5.1.3.2 Socioeconomic and Health Status Survey  
The socioeconomic and health characteristics of the study population are presented 
in Table 5.1.1. There were more males in the study (58.9%) than females and a  
majority of the participants were over the age of 50 (55.1%). The prevalence of 
many self-reported health conditions is high in the community; half the population 
reported asthma and a third reported diabetes. The majority of the study volunteers 
consume traditional foods including fish, large game and game birds (82%, 84% and 
88%, respectively). 
5.1.3.3 Blood and Hair Measurements  
5.1.3.3.1 Toxic Metals in Blood and Hair 
Levels of As, Cd, Pb and Hg in whole blood and in hair of volunteers from WIFN are 
presented in Table 5.1.2. The U.S. National Health and Nutritional Examination 
Survey (NHANES) and CHMS geometric mean blood Cd concentrations are similar 
to one another (0.35 µg/L and 0.32 µg/L, respectively) and are both significantly 
lower than the geometric mean found at WIFN (0.72 µg/L) (unpaired t-test with 
Welch’s correction; P<0.05). CHMS (0.69 µg/L) and NHANES (0.8 µg/L) geometric 
mean blood mercury were both significantly lower than the geometric mean blood 
mercury at WIFN (3.03 µg/L) (unpaired t-test with Welch’s correction; P<0.05). 
 All of the blood and hair metal content at WIFN was found within the LHSC 
reference range, indicating these values are similar to that of a representative 
population in residents of central and southern Ontario. Toxic metal content in hair 
(As and Pb) and in blood (Hg and Pb) shows that males are being exposed to 
certain metals at greater levels than females (Mann-Whitney U test; P<0.05).  
5.1.3.3.2 Correlations Between Hair and Blood 
Significant positive correlations were found between hair and blood Hg and Pb 
content of the volunteers (Spearman r=0.65 and r=0.50 respectively; p<0.0001). 
Although both hair and blood are good indicators of the extent of Hg and Pb  
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Table 5.1.2 Concentration of toxic metals (arsenic, cadmium, lead and mercury) 
analyzed in whole blood of Walpole Island First Nation volunteers (N=56), National 
Health and Nutrition Examination Survey (NHANES), and Canadian Health exposure 
in an individual, it is noted that several individuals have markedly higher 
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concentrations of Hg in blood than in hair, reflecting short-term exposures. There 
were no significant correlations between hair and blood content for As and Cd. Table 
5.1.2 presents the hair to blood ratios of As, Cd, Hg and Pb.Measures Survey  
(CHMS) databases expressed as Geometric Mean and 95% CI, ppb; µg/L whole 
blood.	  	  
5.1.3.3.3 Seasonal Toxic Metal Levels  
Sequential segments of hair from WIFN participants with long hair (N=9) were 
analyzed to determine whether or not there are seasonal changes in toxic metal 
concentrations. Statistical analysis could only be completed for women, as there 
were only 2 males with hair long enough for segmental analysis. There are 
significant differences between seasons (Kruskal-Wallis test, P<0.05) for Pb (Figure 
5.1.1) with concentrations highest during the fall season: September through 
December. The hair Hg content remained fairly stable throughout the year.  
5.1.3.3.4 Hair Metals by Socioeconomic and Health Status  
The levels of As, Cd, Hg and Pb in hair according to self-reported socio-economic 
and health status are presented in Table 5.1.3. Significant differences (Mann-
Whitney U test or Kruskal-Wallis test; P<0.05) are highlighted. Data are not shown in 
Table 5.1.3 for those self-reported parameters (age, smoking, diabetes, ADHD, 
heart condition or disease, fish consumption) where there was no difference in hair 
concentration for any of the 4 metals. 
5.1.3.3.5 Blood Metals by Socioeconomic and Health Status 
The levels of As, Cd, Hg and Pb in blood presented by socio-economic and health 
statuses are presented in Table 5.1.4. Significant differences (Mann-Whitney U test 
or Kruskal-Wallis test; P<0.05) are highlighted. Data are not shown in Table 5.1.4 for 
those self-reported parameters (age, smoking, diabetes, kidney disease, asthma, 
food allergy, respiratory allergy, fish, small game and game bird consumption) where 
there was no difference in whole blood concentration for any of the 4 metals. 
5.1.3.4 Fish and Game Samples 
5.1.3.4.1 Toxic Metals in Fish/Game  
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* P < 0.05; Kruskal-Wallis test 
Figure 5.1.1  Seasonal changes in hair Pb (mean ± SEM) in WIFN volunteers (N=9) 
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 Preva-
lence 
Arsenic 
ppb 
ng/g hair 
Cadmium 
ppb 
ng/g hair 
Lead 
ppb 
ng/g hair 
Mercury 
ppb 
ng/g hair 
Sex 
Male 
 
Female 
 
33/55 
 
22/55 
 
17.6 
(13.1-23.5) 
11.1 
(7.05-17.4) 
 
24.4 
(16.8-35.4) 
15.7 
(10.2-24.2) 
 
458 
(308-682) 
172 
(102-289) 
 
298 
(220-402) 
198 
(142-275) 
Mann-
Whitney U 
test 
 P=0.0186 P=0.144 P=0.0048 P=0.113 
      
Health 
Conditions 
 
Kidney 
Disease 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
Asthma 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
Respiratory 
Allergy 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
Food 
 
 
 
 
 
6/39 
 
33/39 
 
 
 
 
 
 
 
21/41 
 
20/41 
 
 
 
 
 
 
 
 
18/38 
 
20/38 
 
 
 
 
 
 
 
 
 
 
 
 
32.1 
(8.14-126) 
13.9 
(10.6-18.2) 
 
P=0.129 
 
 
 
 
9.81 
(7.12-13.5) 
20.4 
(12.7-32.7) 
 
P=0.0143 
 
 
 
 
 
8.53 
(5.54-13.1) 
17.0 
(11.8-24.5) 
 
P=0.0053 
 
 
 
 
 
 
 
 
 
27.6 
(6.76-113) 
16.7 
(12.0-23.3) 
 
P=0.452 
 
 
 
 
16.6 
(10.7-25.6) 
20.5 
(13.4-31.2) 
 
P=0.382 
 
 
 
 
 
16.1 
(10.3-25.1) 
17.3 
(10.7-27.9) 
 
P=0.857 
 
 
 
 
 
 
 
 
 
572 
(116-2827) 
307 
(205-462) 
 
P=0.440 
 
 
 
 
236 
(155-358) 
424 
(221-814) 
 
P=0.147 
 
 
 
 
 
215 
(134-345) 
349 
(175-697) 
 
P=0.174 
 
 
 
 
 
 
 
 
 
481 
(259-895) 
231 
(172-311) 
 
P=0.0461 
 
 
 
 
200 
(139-288) 
273 
(189-395) 
 
P=0.225 
 
 
 
 
 
201 
(134-300) 
251 
(168-375) 
 
P=0.618 
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Allergy 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
 
 
17/38 
 
21/38 
 
 
 
 
 
11.6 
(6.46-20.7) 
17.0 
(12.5-23.1) 
 
P=0.0438 
 
 
 
16.8 
(9.14-30.9) 
19.6 
(13.3-28.9) 
 
P=0.586 
 
240 
(124-463) 
382 
(217-671) 
 
P=0.154 
 
 
 
233 
(154-354) 
257 
(177-374) 
 
P=0.994 
 
 
      
Traditional 
Food 
Consump-
tion 
 
Small 
Game 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
Large 
Game 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
Game 
Birds 
Yes 
 
No 
 
 
Mann-
Whitney U 
 
 
 
 
 
 
 
23/41 
 
18/41 
 
 
 
 
 
 
 
 
40/47 
 
7/47 
 
 
 
 
 
 
 
 
40/47 
 
7/47 
 
 
 
 
 
 
 
 
 
 
 
18.1 
(11.5-28.3) 
9.45 
(6.99-12.8) 
 
P=0.0104 
 
 
 
 
 
15.1 
(11.1-20.6) 
10.1 
(5.1-19.8) 
 
P=0.200 
 
 
 
 
 
15.1 
(11.0-20.8) 
10.7 
(6.29-18.0) 
 
P=0.487 
 
 
 
 
 
 
 
20.4 
(12.6-32.9) 
17.2 
(10.9-27.1) 
 
P=0.652 
 
 
 
 
 
19.3 
(13.5-27.6) 
18.7 
(8.87-39.5) 
 
P=0.970 
 
 
 
 
 
19.3 
(13.7-27.1) 
15.6 
(3.63-67.0) 
 
P=0.699 
 
 
 
 
 
 
 
414 
(237-723) 
203 
(114-359) 
 
P=0.141 
 
 
 
 
 
351 
(233-528) 
171 
(53.8-542) 
 
P=0.316 
 
 
 
 
 
324 
(214-491) 
206 
(31.2-1359) 
 
P=0.511 
 
 
 
 
 
 
 
285 
(200-406) 
208 
(144-300) 
 
P=0.259 
 
 
 
 
 
278 
(215-360) 
130 
(66.2-257) 
 
P=0.0332 
 
 
 
 
 
287 
(222-371) 
112 
(60.7-207) 
 
P=0.0139 
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test 
 
 
 
 
Table 5.1.3 Concentration of metals (lead, mercury, arsenic and cadmium) in hair by 
socio-demographic and health characteristics at Walpole Island First Nation, 
expressed as Geometric Mean (95% CI) 
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Preva-
lence 
Arsenic 
ppb 
µg/L 
Cadmium 
ppb 
µg/L 
Lead 
ppb 
µg/L 
Mercury 
ppb 
µg/L 
Sex 
Male 
 
Female 
 
33/56 
 
23/56 
 
1.09 
(0.784-1.51) 
1.55 
(1.33-2.18) 
 
 
0.781 
(0.544-1.20) 
0.643 
(0.46-0.9) 
 
14.2 
(11.7-17.2) 
9.6 
(7.89-11.6) 
 
3.54 
(2.65-4.73) 
2.2 
(1.66-2.91) 
Mann-
Whitney U 
test 
 P=0.08 P=0.663 P=0.008 P=0.017 
      
Smoking 
Yes 
 
No 
 
28/49 
 
21/49 
 
 
1.38 
(1.04-1.82) 
1.1 
(0.651-1.85) 
 
1.28 
(0.899-1.82) 
0.386 
(0.315-0.472) 
 
12.2 
(10.1-14.8) 
11.5 
(8.9-14.9) 
 
 
3.3 
(2.37-4.6) 
2.35 
(1.71-3.24) 
Mann-
Whitney U 
test 
 P=0.163 P<0.0001 P=0.813 P=0.196 
Health 
Condi-
tions 
 
ADHD 
Yes 
 
No 
 
 
Mann-
Whitney U 
test 
 
Heart 
Condition 
or 
Disease 
Yes 
 
No 
 
Mann-
Whitney U 
 
 
 
 
 
11/35 
 
24/35 
 
 
 
 
 
 
 
 
 
 
7/45 
 
38/45 
 
 
 
 
 
0.768 
(0.466-1.27) 
1.81 
(1.22-2.68) 
 
P=0.0072 
 
 
 
 
 
 
 
3.45 
(2.07-5.77) 
1.34 
(0.984-1.82) 
 
P=0.0019 
 
 
 
 
 
0.814 
(0.394-1.68) 
0.749 
(0.519-1.08) 
 
P=0.951 
 
 
 
 
 
 
 
0.653 
(0.267-1.6) 
0.799 
(0.587-1.09) 
 
P=0.585 
 
 
 
 
 
11.9 
(8.71-16.3) 
12.1 
(10-14.7) 
 
P=0.937 
 
 
 
 
 
 
 
12.1 
(6.6-22.2) 
11.9 
(10.1-14.1) 
 
P=0.777 
 
 
 
 
 
2.34 
(1.4-3.93) 
2.83 
(1.88-4.24) 
 
P=0.706 
 
 
 
 
 
 
 
3.45 
(2.07-5.77) 
2.81 
(2.12-3.73) 
 
P=0.524 
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test 
      
Tradition-
al Food 
Consump
-tion 
 
Large 
Game 
 
Yes 
 
No 
 
Mann-
Whitney U 
test 
 
 
 
 
 
 
 
 
40/47 
 
7/47 
 
 
 
 
 
 
 
 
 
 
 
 
1.1 
(0.884-1.42) 
2.92 
(0.922-9.25) 
 
P=0.0661 
 
 
 
 
 
 
 
 
0.745 
(0.544-1.02) 
0.891 
(0.362-2.2) 
 
P=0.542 
 
 
 
 
 
 
 
 
11.7 
(9.9-13.8) 
11.4 
(6.5-20.1) 
 
P=0.819 
 
 
 
 
 
 
 
 
3.29 
(2.62-4.14) 
1.32 
(0.775-2.25) 
 
P=0.0023 
 
Table 5.1.4 Concentration of metals (lead, mercury, arsenic and cadmium) in whole 
blood by socio-demographic and health characteristics at Walpole Island First 
Nation, expressed as Geometric Mean (95% CI) 
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2005/06 
Mercury 
content 
ppm 
µg/g ww 
2009/10 
Mercury 
content 
ppm 
µg/g ww 
Percent of 
fish > OME 
of 0.5 µg/g 
ww of 
mercury 
(2005; 
2010)1 
Difference 
in 
mercury 
content 
between 
2005 and 
20102 
Sunfish 
(Lepomis 
gibbodus) 
0.18 (0.02)3 
N=11 
NA 0% NA 
Bluegill 
(Lepomis 
macrochirus) 
0.18 (0.02) 
N=23 
NA 0% NA 
Crappie 
(P. annularis; 
Pomoxis 
nigromaculatus) 
0.26 (0.03) 
N=5 
0.18; 0.14 
N=2 
0%; 0% 
 
NA 
Yellow Perch 
(Perca 
flavescens) 
0.33 (0.04) 
N=18 
0.39 (0.04) 
N=4 
11%; 0% P=0.46 
Northern Pike 
(Esox lucius) 
0.33 
N=1 
NA 0% NA 
Walleye 
(Pickerel) 
(Sander vitreus) 
0.40 (0.05) 
N=14 
0.56 (0.02) 
N=4 
36%; 100% P=0.14 
Bowfin (Amia 
calva) 
0.47 (0.14) 
N=18 
NA 33% NA 
Rock Bass 
(Ambloplites 
rupestris) 
0.56 (0.03) 
N=21 
0.46 (0.11) 
N=4 
33%; 50% P=0.20 
Largemouth 
Bass 
(Micropterus 
salmoides) 
0.62 (0.14) 
N=3 
NA 67% NA 
Smallmouth 
Bass 
(Micropterus 
dolomieu) 
0.75 (0.33) 
N=3 
0.65 (0.04) 
N=4 
33%; 100% P=0.74 
White Perch 
(Morone 
americana) 
NA 0.40 (0.07) 
N=4 
25% NA 
Woodcock 
(Scolopax 
minor) 
NA 0.06 (0.01) 
N=4 
NA NA 
Mallard Duck 
(Anas 
NA 0.03 (0.02) 
N=4 
NA NA 
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platyrhynchos) 
White-tailed 
Deer 
(Odocoileus 
virginianus) 
NA 0.009 (0.004) 
N=4 
NA NA 
Muskrat 
(Ondatra 
zibethicus) 
NA 0.008 (0.005) 
N=4 
NA NA 
1 OME, 2009 (28) 
2 Mann-Whitney U test 
3 Mean (SD) 
4 Not Available 
Table 5.1.5 Mean (SEM) total mercury content (µg/g wet weight (ww); ppm) in fish 
species caught at WIFN in 2005/06 vs. 2009/10 and compared to the Ontario 
Ministry of the Environment (OME) guideline of 0.5 µg/g ww 
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In the samples collected in 2010, the highest residue of toxic metal found in the fish 
and game was Hg in Smallmouth Bass (mean (SEM) 0.65 ± 0.04 µg/g-wet weight) 
(Table 5.1.5). As, Cd and Pb all occurred below the LOD (0.274, 0.072, 0.385 µg/g 
wet weight, respectively) in all muscle samples of fish and game tested except for in 
one sample of Woodcock which had levels of 0.359 µg/g wet weight of Pb and 0.174 
µg/g wet weight of Cd. Of all the fish and game species samples tested, the highest 
concentrations of four of the toxic metals were found in Woodcock (Pb and Cd) and 
Smallmouth Bass (Hg), indicating these species would contribute most to the dietary 
load of toxic metals of those tested, based on muscle content.  
5.1.3.4.2 Mercury in Fish from 2006 to 2010  
Table 5.1.5 presents the Hg content (µg/g-wet weight) in fish species caught in 
2005/06 and in 2009/10, as well as the percentage of fish with Hg content in muscle 
above the Ontario Ministry of the Environment’s (OME) guideline of 0.5 µg/g-wet 
weight (28). In fish species that were measured in both 2005/06 and 2009/10, there 
were no significant differences in Hg content between study years. From 33% to 
100% of the Walleye, Rock, Largemouth and Smallmouth Bass sampled exceeded 
the OME guideline for consumption (0.5 µg/g). 
5.1.3.4.3 Mercury Exposure by Consumption by Fish in 2006 
Table 5.1.6 estimates the amount of Hg participants ingested through fish 
consumption in 2005/06. Sixty-six participants (71%) reported that they did not 
consume fish. Thirteen participants (14%) exceeded the Food and Agriculture 
Organization/World Health Organization (FAO/WHO) provisional tolerable weekly 
intake (PTWI) recommendation of 1.6 µg/kg bw/day, with one participant reaching a 
PTWI of 5.23 µg/kg bw/day (29). However, seasonality is an issue in the number of 
participants reporting fish consumption. Many said that they do not eat fish during 
the study period (winter); however, they eat a lot of fish during the summer months. 
5.1.3.4 Health Records 
Health Canada analyzed some WIFN community members for Hg content of hair (in 
1975) and blood (in 1976), after the WIFN fishery was shut down due to Hg 
contamination of the St. Clair River and Lake St. Clair. Hair from 5 (3 females and 2  
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Number of 
Participants 
Estimated Average 
Weekly Intake of 
Hg 
66 0* 
1 0.22 
1 0.24 
1 0.31 
1 0.37 
1 0.43 
1 0.45 
2 0.47 
1 0.64 
1 0.89 
2 0.92 
1 1.42 
1 1.44 
1 1.921 
3 2.09 
3 2.21 
1 2.63 
1 2.66 
1 3.03 
1 3.53 
1 3.89 
1 5.23 
1 bold indicates a level that exceeds the FAO/WHO PTWI recommendation of 1.6 µg 
of Hg/kg bw/day (29) 
 
Table 5.1.6 Estimated average weekly intake of mercury by fish consumption of 
WIFN volunteers in 2005/06 expressed as µg of mercury per kg of body weight per 
week and compared to the FAO/WHO provisional tolerable weekly intake (PTWI) of 
1.6 µg of Hg/kg bw/day 
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males) of the individuals who volunteered for our study was previously sampled at 
that time, as was blood from 3 individuals (same 3 females sampled for hair) who 
participated in our study. This allowed us to compare hair and blood concentrations 
in these individuals in 1975-76 and in samples that were collected from the same 
individuals in 2008. The concentrations of Hg in hair of the 5 volunteers were much 
higher in 1976 (3.06 ± 0.61 ppm, mean ± SEM, N=5) than in hair collected and 
analyzed in 2008 (0.41 ± 0.05 ppm; P<0.05, Mann-Whitney U test). However, the 
mean blood concentration of Hg in 2008 samples (4.4 ± 1.1 ppb, mean ± SEM, N=3) 
was not significantly lower than in the 1976 samples (5.5 ± 1.2 ppb; P>0.05, Mann-
Whitney U test).  
The health records indicated that only 10% of the WIFN volunteers in our 
study suffered from diabetes. By comparison, one-third of the individuals who 
completed the Health Status Questionnaire component of this study at WIFN self-
reported that they had diabetes. In addition, there were four records indicating 
hypertension (8% incidence) and one report of congestive heart failure, conditions 
that could be a result of the secondary, vascular complications of diabetes. There 
was one additional report of an individual on drug therapy routinely used for 
metabolic syndrome or T2D but the record did not specify that the individual had 
diabetes.  
Two records indicated past active infection with tuberculosis (TB) and six 
(12%) of the records indicated treatment with isonicotinylhydrazine (INH; Isoniazid), 
for prevention of TB. A relatively low incidence of a few conditions with a possible 
environmental contribution was also noted. These included four individuals with 
asthma (8%); four with hypothyroidism; two reported cases (4%) of birth deformities; 
and one report of myasthenia gravis (2%).  
5.1.4 Discussion 
The members of the WIFN community are very interested in the amount of toxic 
metals to which they are being exposed. Some of the sediments that have been 
removed from the St. Clair River during the periodic dredging on the St. Lawrence 
Seaway have been documented to contain toxic metals at concentrations that would 
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be of concern for human health if bioconcentration occurred prior to ingestion of 
water or food (29). This dredging can also re-suspend contaminated sediment, re-
introducing toxic metals into the water. These data attempt to describe exposures in 
this population with the main purpose of establishing a baseline level and identifying 
members of high-risk groups in order to target intervention. As well, by measuring 
the same toxic metals in traditional fish and game species found locally in the 
Walpole Island delta, we aimed to examine the contribution of this exposure route to 
body burdens of toxic metals. The growing literature on the health effects of low-
level toxic metal exposure such as As, Cd, Pb and Hg (metals that have been 
ranked among the top ten toxic substances by the Agency for Toxic Substances and 
Disease Registry (ATSDR)), will also be examined in the context of the levels of 
these toxic metals we found at WIFN (5). Of note, exposure to each of these four 
toxic metals has been linked to the production of reactive oxygen species (ROS) 
(30). This can lead to increased lipid peroxidation, DNA damage and altered Ca2+ 
homeostasis (31). Involvement of ROS in the carcinogenesis of metals has been 
vehemently studied and is an important mechanism of their toxicity (32, 33). Toxicity 
arises from ROS attacking normal cells.  
5.1.4.1 Arsenic 
In our study, volunteers from WIFN who self-reported having a heart condition or 
disease had significantly higher blood arsenic levels compared to those who did not. 
A recent systematic review and meta-analysis examining all of the studies on the 
relationship between hypertension and As exposure (a majority of the studies 
investigated moderate-to-high arsenic levels in water (>50 µg/L)) found a positive 
association and a trend toward dose-dependency (34). Conversely, a study looking 
at As exposure levels (median urinary arsenic level = 8.3 µg/L) more typical of the 
general Canadian population (CHMS geometric mean urinary As level = 12.0 µg/L 
(23)), As levels in urine were found not to be associated with the prevalence of 
hypertension (35). As we did not measure As levels in water or urine at WIFN a 
direct comparison cannot be made. However, blood As levels at WIFN are more 
comparable to those in the general Canadian population over levels seen in the 
occupational and high-exposure studies used in the systematic review.  
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One of our main interests in As is that elevated levels in drinking water have 
been associated with increased incidences of Type 2 diabetes (7, 8, 36), a disease 
that is epidemic in First Nation communities (37). Although these studies examined 
areas where there are higher As levels in the environment compared to those at 
WIFN, there has also been recent attention surrounding the relationship between 
low-level As exposures and Type 2 diabetes (38). Mean As levels in blood and hair 
of 1.7 ppb and 27.4 ppb, respectively were significantly associated with an increased 
risk for gestational diabetes by Ettinger and her colleagues (39). Our data 
demonstrate that current exposures at WIFN could potentially be increasing the risk 
of gestational diabetes. WIFN mean hair As content was 9.2 ppb, with one woman 
exceeding the level previously linked to gestational diabetes. Mean As blood 
concentrations were 2.1 ppb at WIFN, 1.2-fold higher than that associated with 
gestational diabetes. We did not evaluate the chemical species of As and this is 
important, as toxicity is dependent on molecular form. Arsenic levels were below the 
level of detection in muscle from all of the fish and game samples thus, sources of 
exposure from other tissues or other than traditional diet are significant.  
5.1.4.2 Cadmium 
Levels of Cd in blood were found to be significantly higher in participants who 
reported they smoked, which is expected as primary or secondary cigarette smoke is 
a major source of Cd exposure and can raise blood levels 2.5- to 4.0-fold (40, 41). 
Low-levels of Cd have been found to be a determinant for cardiovascular and all-
cause mortality in the general U.S. population. Of note, the risks associated with the 
80th percentile blood Cd levels (0.80 µg/L; levels apparent at WIFN) were 8.8% for 
all-cause mortality and 9.2% for cardiovascular mortality (42). Importantly, this 
earlier study found that urinary Cd levels were associated with cardiovascular 
mortality even among never smokers, suggesting that Cd is a risk factor 
independent of cigarette smoking. At WIFN, Cd was found in muscle of only one 
sample of game, Woodcock (0.17 µg/g wet weight) and indicating that this food is 
not a major source of exposure to Cd. 
5.1.4.3 Lead 
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Pb was detected in one sample of Woodcock (0.36 µg/g wet weight). The very low 
concentrations of Pb in fish and game is consistent with our finding that all WIFN 
volunteers have less than the Canadian average of Pb in their blood indicating a 
negligible effect of traditional diet on lead exposure. However, our findings on fish 
and game muscle Pb content was based on a small number of samples and was not 
inclusive of all traditional foods at WIFN. NHANES participants in the second quartile 
(12 - 18 µg/L) were found to have an elevated risk of gout (43). This is of 
significance to our findings because almost half the participants have levels 
exceeding the range considered to be at an elevated risk for gout. A systematic 
review has concluded that evidence is sufficient to infer a causal relationship of Pb 
exposure with hypertension at blood levels as low as < 50 µg/L (44). Mean Pb lead 
levels of 8.5 µg/L (levels found at WIFN) in males were associated with reduced 
fecundity (45). 
5.1.4.4 Mercury 
Exposure to Hg is a major issue at some First Nations in Canada with poisonings 
apparent even today. A study found that 59% of those sampled at Grassy Narrows 
have signs consistent with Hg poisoning at blood levels 3- to 7-fold the Health 
Canada guidance value of 20 µg/L (46). Geometric mean blood Hg content at WIFN 
is 3.03 µg/L (2.41-3.81). However, 3 WIFN volunteers had blood Hg content 
approaching or above (19.4, 20.1 and 35.9 µg/L) the Health Canada guidance value. 
Blood Hg concentrations at WIFN were 3.6- and 3.5-fold higher than for typical U.S. 
and Canadian citizens (23, 24). This must be related to large releases of Hg into the 
St. Clair River during the operation of two chlor-alkali plants in this region (18, 47). 
There was a significant decrease in hair Hg content between the mid-1970s to 2008, 
but not in blood Hg. These data suggest that members of WIFN are being exposed 
to a species of Hg other than methylmercury (MeHg) from fish consumption. The 
source and speciation of this Hg in blood, food and drinking water will be 
investigated in follow-up studies to determine if there is any potential for adverse 
health effects from this additional source of mercury (in addition to fish which is the 
major source of MeHg exposure). It was found that WIFN volunteers who self-
reported kidney disease have significantly higher hair Hg content than those who do 
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not. A recent study found that exposure to Hg can lead to various glomerular lesions 
leading to nephrotic syndrome (48). Moreover, a significant association is seen with 
blood and hair Hg content (mean = 3.4 µg/L and 0.47 µg/g, respectively; levels seen 
at WIFN) and heart rate variability parameters (49). 
5.1.4.5 Mercury Consumption 
The bioaccumulation of MeHg in fish was responsible for the closing of the WIFN 
fishery industry in the 1960s. Consistent with the literature, we found that there is no 
downward trend in the Hg content in fish of the same species sampled at WIFN 
between 2005/06 and 2009/10. Hg levels exceeding the Ontario Ministry of the 
Environment’s guideline for fish consumption (0.5 µg/g wet weight) have been 
recorded in this current study (28). There is a known relationship between the 
amount of fish eaten and Hg in hair, so that decreasing fish consumption will 
decrease exposure to MeHg (50).  
One of our major goals was to protect adverse effects of fetal 
neurodevelopment from Hg exposure. A lowest observable adverse effect level 
(LOAEL) of 0.3 µg Hg/g of maternal hair based on mild neurodevelopmental 
problems has been established as the result of a systematic review (15). There are 
some WIFN women whose hair Hg content equal or surpass this level and thus are 
at risk for a subsequent pregnancy. We counseled these women individually and 
followed up with a dietary plan to decrease Hg intake through consuming fish with 
less Hg content.  It is recommended that physicians counsel women of reproductive 
age about choices regarding fish consumption and provide appropriate resources 
(51, 52). However, the development of functional dietary recommendations 
balancing nutritional benefits of fish with the risk of contaminant exposure is a 
challenge for regulatory agencies and health professionals (53).  
Given the well-documented benefits of fish for human health (54-56), 
particularly its high content of n-3 polyunsaturated fatty acids (PUFA), it would be 
highly beneficial to develop WIFN-specific fish guidelines based on the contaminant 
levels found. Indeed, 82% of the participants in our Health Status Questionnaire 
conducted in 2009/2010 reported that they do consume fish in general. Our 
estimation of average weekly intake of Hg in fish at WIFN (in 2005/06) could be an 
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underestimate. This is due to the fact that many people eat more than 100 grams of 
fish per serving (the value that is typically used for calculating serving size) and only 
muscle was sampled. High fish consumers often eat up to 2 pounds (900 grams) of 
fish throughout a day and consume both liver and kidney. Even with this 
underestimate, 14% of WIFN community members consume Hg in fish at levels 
greater than the amount recommended by the FAO/WHO (1.6 µg Hg per kg body 
weight per week; (57)), warranting the community’s concern. The nutritional benefits 
of regular fish consumption versus the risks of intake of Hg contained in the fish 
needs to be taken into consideration (55, 58). It would be highly beneficial to develop 
WIFN-specific fish guidelines based on the Hg and other contaminant levels found. 
5.1.4.6 Seasonality and Sex Differences in Exposure to Toxic Metals  
Pb concentrations in hair were highest during the fall season, (September - 
December). Perhaps, due to the lag time between exposure to the contaminant and 
the subsequent deposition in hair, this trend could be indicative of increased 
exposure during spring harvests with a consequent increase of contaminant 
concentrations during the fall. The geometric mean toxic metal content in hair shows 
that males are being exposed to toxic metals (As and Pb) at a greater level than 
their female counterparts. Other studies report that women have higher Cd hair 
levels due to increased Cd absorption during low iron periods such as during 
menstruation and pregnancy (59, 60). Other studies show that there could be 
increased exposure to environmental Cd due to smoking (40, 41, 61).  
Likewise, both the geometric mean Pb and Hg content in hair and in blood 
from female volunteers was significantly lower than the concentrations found for 
male volunteers. This differs from previous studies that did not show any significant 
effect of gender on MeHg content in hair or blood in biomonitoring studies (62, 63). 
For Hg, this could be due to more males eating fish than females. Males seem to be 
more at risk for higher concentrations of As in hair, possibly due to an occupational 
exposure as it is known that industrial processes such as mining, smelting and coal-
fired plants all contribute to the presence of As in soil, water and air (64).  
5.1.4.7 Health Records 
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The concentrations of Hg in hair of 5 of our volunteers were much higher in 1975 
than in 2008, a decrease of more than 85%. These data demonstrate that exposure 
to this neurotoxic form of Hg has dramatically decreased, undoubtedly a result of 
WIFN members heeding the warnings about eating local fish. However, the mean 
blood concentration of Hg in three female volunteers sampled in 2008 samples was 
not significantly lower than in these individuals sampled by Health Canada in 1976. 
Based on mean values alone, there is a 20% decrease. It will be important to 
determine the exact chemical species of Hg currently in the blood and its 
environmental origin, particularly since more than 400 tons of Hg were released into 
the St. Clair River from industrial sources in plants that were closed in the mid-
1970s.  
According to the health records kept at WIFN, only 10% of the WIFN 
volunteers in our study suffered from diabetes, however the incidence of diabetes 
based on self-reporting was more than 3-fold greater. Thus, we must also evaluate 
medical records from the volunteers’ primary health care providers for WIFN to 
complement information obtained by self-reporting in any future studies evaluating 
relationships between exposures to environmental contaminants and potential 
adverse impacts on human health.  
5.1.4.8 Health Status 
A major problem identified in the Health Status Questionnaire is the incidence of 
diabetes in the WIFN community. One-third of the respondents reported that they 
have diabetes that has been confirmed by a physician. It is well known that First 
Nations members in Canada have elevated incidences of Type 2 diabetes, 3- to 5-
fold that of the Canadian population (65, 66).  In a study of the incidence of diabetes 
in First Nations and non-First Nations adults in Saskatchewan from 1980 to 2005, 
nearly 50% of First Nations women and more than 40% of First Nations men 60 
years of age and older had diabetes, compared to <25% of non-First Nations men 
and <20% of non-First Nations women (66).  More than 80% of diabetes in First 
Nations communities is Type 2 diabetes (67). 
Seventeen percent of WIFN volunteers reported having kidney disease and 
15% reported a heart condition or heart disease. These can be possible secondary 
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complications of diabetes. The incidences of adverse complications related to 
diabetes as reported in the 2003-2004 First Nations Regional Longitudinal Health 
Survey were 16% for kidney function and 11.3% for heart problems, numbers very 
close to those determined from the responses to our Questionnaire (modified First 
Nations Regional Longitudinal Health Survey, 2003-2004). Chronic kidney disease is 
also a problem in First Nations in Canada with the incidence being almost 2-fold 
greater than non-First Nations people (68). Many who completed the Health 
Questionnaire stated they suffered from asthma (51%). The First Nations Regional 
Longitudinal Health Survey (2003-2004) found that the prevalence of asthma among 
First Nations children (14.6%) is considerably higher than for the general Canadian 
population (8.8%).  Attention deficit hyperactivity disorder (ADHD) was also identified 
as an issue in the responses to the Health Questionnaire. According to data in the 
First Nations Regional Longitudinal Health Survey (2003-2004), 2% of First Nations 
youth have ADHD or the closely related attention deficit disorder (ADD) in the 
absence of any other disability and 7.4% with any disability have ADHD or ADD.  
5.1.4.9 Community-based Participatory Research 
A community-based participatory research partnership is in place between members 
of the Ecosystem Health team in Schulich Medicine at Western University and the 
Health Centre and the Heritage Centre at WIFN. The current study provided 
information to the community to enable evidence-based choices about food intake, 
to enable monitoring of health conditions, and to provide scientific data on current 
exposures to toxic metals. Such findings will inform future studies on the relationship 
between contaminants and health trends seen in the community, as a base for 
remedial action in environmental protection and for transforming policy. 
5.1.5 Conclusions 
Our study demonstrates that members of Walpole Island First Nation are exposed to 
toxic metals at detectable levels. Geometric mean concentrations of the 4 toxic 
metals are comparable or higher than those in representative samples of the U.S. 
and Canadian populations. The mechanism of toxicity of As, Cd, Pb and Hg have all 
been linked to oxidative stress and, it is also seen that exposure to other 
environmental or pathological agents such as cigarette smoking, UV rays, radiation, 
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atmospheric pollutants, alcohol and an unhealthy lifestyle can also contribute to 
oxidative stress (69). The cumulative impact of higher levels of toxic metals, and 
thus, oxidative stress in First Nations communities should be a source of concern. 
The presence of Hg in the WIFN environment, its fetal toxic effects and role in 
other health outcomes, have substantiated the concerns of WIFN members 
regarding the potential effects of this pollutant on health, justifying continued 
periodical environmental analysis and human biomonitoring. Analyses of muscle 
from traditional fish and game caught locally at WIFN indicate that this is an ongoing 
source of exposure to Hg, including MeHg. Increased levels of some of the 
measured toxic metals (e.g. Hg and Pb) are known from the work of others to be 
associated with adverse outcomes in the developing fetus (summarized in (15)). 
Informing women of reproductive age about the sources of exposure to these toxic 
metals, as well as interventions to decrease exposure via fish consumption (52) will 
help to protect human health. Levels of other toxic metals (e.g. As and Cd) have 
been associated with increased incidences of type 2 and gestational diabetes, 
diseases where the incidence is rapidly increasing in First Nations and is currently 
elevated at WIFN. The growing literature on the effects of low-level toxic metal 
exposure, levels seen at WIFN, underscores the timely importance of conducting 
such biomonitoring work. Understanding the real, local, and current links between 
diet and exposures to contaminants, and the associations between these exposures 
with the disease burden in First Nations in Canada will empower people to make 
changes that will benefit their health as well as reduce the enormous stress caused 
by fear of exposure to these and other environmental contaminants.  
5.2 Manuscript 5: Exposure to Persistent Organic Pollutants in a First Nation in 
Canada: Implications for Increased Risk of Type 2 Diabetes. Henley P, Tucker 
MJ, Darnell R, Rieder MJ, Koren G, Jacobs D, Peters J, Johnson J, Williams 
NC, Williams RM and Bend JR. 
5.2.1 Background 
Due to their previous commercial use persistent organic pollutants (POPs) including 
organochlorine (OC) pesticides and polychlorinated biphenyls (PCBs) are ubiquitous 
in our environment. These compounds are even present in areas of the world where 
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they were not used, including Antarctica (70). POPs are highly lipophilic compounds 
resistant to degradation and metabolism, thus accumulating in human and animal 
tissues and fluids. Exposure to POPs is associated with preterm labour, low birth 
weight babies, several cancers and other endocrinological, neurological and 
immunological disorders (71-80). Of special importance here, there is a growing 
literature showing a positive association between exposure to several different POPs 
and increased risk for Type 2 diabetes (T2D) (81-102). Concerns arising from such 
reports within the Walpole Island First Nation (WIFN) led to the partnered 
biomonitoring studies of common traditional foods and community volunteers 
described here. The major sources of exposure to POPs are through consumption of 
fish, meat and fowl (103-108) so that traditional foods are significant in this context 
(2-4). This fear of chemical contamination, or chemophobia, has caused a decrease 
in traditional food consumption and concomitant stress in some First Nation 
communities (2-4).  
Large amounts of OC pesticides were used historically in agriculture in North 
America, particularly as insecticides. PCBs were used throughout the world in many 
industrial and commercial applications based on their stability, hydraulic and heat 
exchange properties (109). The manufacture and use of most POPs have been 
banned in many countries and these chemicals are now targeted for elimination 
under the Stockholm Convention (110).  
This biomonitoring study was performed in partnership with the leaders of the 
Health Centre and the Heritage Centre at WIFN. It arose from earlier work initiated 
by the Director of the Walpole Island Heritage Centre because of the concern of 
WIFN community members about the adverse effects pollutants released from 
“Chemical Valley” near Sarnia, Ontario were having on their health and particularly 
the health of their children. These concerns include the high incidence of T2D and 
increasing childhood obesity in the community. The incidence of T2D in First Nation 
communities in Canada is 3- to 5-fold greater than in the general Canadian 
population (65, 66).  
5.2.2 Methods 
   5.2.2.1 Community and Volunteers 
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WIFN is located on the Canada-U.S. border 40 km south of Sarnia and downstream 
of “Chemical Valley”, a major source of industrial pollution in Ontario (17). 
Approximately 2,500 members live on reserve (16) and they rely on the St. Clair 
River for food, water, and economic survival. To solicit volunteers, this community-
based participatory study (CBPR) (111) was described in newsletters published by 
the Heritage Centre, and the Health Centre. In addition, volunteers could receive 
complete information about the study and enroll at the Health Centre or the Heritage 
Centre. Finally, phone calls were made from project members at the Heritage Centre 
to individuals who had previously participated in a fish consumption study at WIFN to 
see if they wished to participate in this biomonitoring investigation. As a result of 
these activities, more volunteers were identified than could be sampled in this study.  
5.2.2.2 Serum, Fish and Game Sample Collection 
Fish and game sample collection occurred within the traditional hunting grounds of 
the WIFN during March 2010 and was supervised by a community Elder. Four 
samples of Yellow Perch (Perca flavescens), White Perch (Morone americana), 
Rock Bass (Ambloplites rupestris), Walleye (Pickerel) (Sander vitreus), Smallmouth 
Bass (Micropterus dolomieu), White-tailed Deer (Odocoileus virginianus), Muskrat 
(Ondatra zibethicus), Mallard Duck (Anas platyrhynchos) and Woodcock (Scolopax 
minor) and 2 samples of Crappie (Pomoxis nigromaculatus) were caught during this 
period. Fish and fowl samples were placed on ice as soon as possible after capture 
prior to dissection or filleting. Muscle samples were removed from deer as soon after 
death as possible and then frozen. Processing was normally on the day of capture, 
or in a very few cases, on the next day. During processing, the species, date of 
capture, and size of each specimen was noted. Next, two muscle samples (10 g 
minimum) were collected. All fish and game samples were analyzed for OCs and 
PCBs according to Canadian Association for Environmental Analytical Laboratories 
(CAEAL) accredited standard operating procedures (32) at the Great Lakes Institute 
for Environmental Research (GLIER), University of Windsor. 
Blood samples were obtained by venipuncture using a single use BD 
#367344 Vacutainer® winged safety push button blood collection set with 12 in 
tubing and a luer adapter with a 21 G needle. The blood was collected into 10 mL 
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#367985 Vacutainer® Plus plastic serum tubes, red / grey (SST RED/GRY; Becton-
Dickinson Oakville, Canada). Blood was collected on a single day from 56 
volunteers at the WIFN Health Centre following receipt of written informed consent. 
Samples were coded immediately upon collection. Serum was prepared by 
refrigerated centrifugation of the SST tubes at 1,300 rpm for 10 min.  The serum 
samples were refrigerated immediately and delivered within two hours of collection 
to GLIER where they were immediately frozen until analysis, within a few weeks of 
collection.  
5.2.2.3 Serum Sample Analysis 
The OC pesticides analyzed included: 1,2,4,5-tetrachlorobenzene (1,2,4,5-TCB), 
1,2,3,4-tetrachlorobenzene (1,2,3,4-TCB), pentachlorobenzene (QCB), 
hexachlorobenzene (HCB), α-, β-  and γ- hexachlorocyclohexane (α-HCH, β-HCH, γ-
HCH), octachlorostyrene (OCS), oxychlordane, trans-chlordane, cis-chlordane, 
trans-nonachlor, cis-nonachlor, 1,1-bis-(4-chlorophenyl)-2,2-dichloroethylene (p,p’-
DDE),  1-chloro-4-(2,2-dichloro-1-(4-chlorophenyl)ethyl)benzene (p,p’-DDD), 1,1,1-
trichloro-2,2-bis(4-chlorophenyl)ethane (p,p’-DDT), and mirex. In addition, PCBs 
were separated into 71 congener peaks  (IUPAC#s 19, 18, 17, 24/27, 16/32, 26, 25, 
31/28, 33/20, 22, 45, 52, 49, 47/48, 44, 42, 64/41/71, 40, 74, 70/76, 66, 56/60, 95, 
91, 92, 84, 101, 99, 97, 87, 85, 110, 118, 105, 136, 151, 144/133, 149, 134, 146, 
153/132, 141, 130, 137, 138, 158, 128, 156, 157, 179, 176, 178, 187/182, 183, 185, 
174, 177, 171, 172, 180, 170/190, 202, 200, 199, 201, 196/203, 195, 194, 208, 207, 
206).  Our analysis included 4 dioxin-like PCB (DL-PCB) congeners (PCB 105, PCB 
118, PCB 156 and PCB 157) but excluded DL-PCBs 77, 81, 114, 123, 126, 167, 169 
and 189. All other congeners analyzed are non-dioxin like (NDL) PCBs (33, 34). The 
extraction of POPs from the serum sample was performed as described by 
Drouillard (112).  Serum (0.3–0.5 g) was added to a 15-mL centrifuge tube and 
spiked with 200 pg of 1,3,5-tribromobenzene used as internal standard. Methanol 
(100% plasma volume) and 6M hydrochloric acid (HCl) (33% plasma volume) were 
added to the centrifuge tube to deproteinate the serum sample, which was then 
vortexed for 1 min and diluted to 5 mL with distilled water. Solid-phase extraction 
cartridges (Enviro-18; 1g; Supelco) were pre-washed with hexane (6 mL), then 
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acetone (6 mL) and were activated with 10 mL methanol. The POPs samples were 
eluted from the column with 10 mL distilled water. The sample was loaded on to a 
C18 extraction column and the column washed under reduced pressure at 1 mL/min 
with water. A vacuum was used to remove excess water from the extraction column. 
The POPs were quantitatively recovered from the extraction column by elution with 
12 mL chloromethane: hexane (1:1). Enviro-Florisil SPE tubes (0.5 g; Supelco) were 
treated with 10 mL hexane and used to further clean up concentrated extracts of 
POPs (<2 mL). Clean up was performed by loading the extracts onto a Florisil 
column followed by elution with 14 mL hexane at a rate of 1 mL/min by gravity. The 
eluted extracts were concentrated to 100 µL. Blanks were performed using distilled 
water.  
The recovered POPs were analyzed using a method very similar to that 
described by Lazar and colleagues (113) with a Hewlett Packard-5890 gas 
chromatograph with electron capture detection, equipped with a Hewlett Packard-
3396 integrator and a Hewlett Packard-7673 autosampler. A 30 m x 0.25 mm i.d. 
column with 0.25 mm DB-5 film thickness (J & W) was used for POPs analysis at an 
injector temperature of 250°C. The carrier gas was helium at a rate of 30 cm/sec, 
measured at 100°C.  The composition of the make-up gas was argon: methane 
(95:5) at 40 mL/min. The oven temperature program was:  Initial temperature, 100°C 
for 0.5 min; rate of temperature increase, 3°C/min; final temperature of 270°C, 
achieved at 8 min following sample injection. The sample volume injected on to the 
column was 3 µL, using a splitless injection mode (113). All analytical runs included 
co-analysis of quality assurance samples (blanks, duplicates and in-house or 
certified reference tissues) run in sample batches of 10. 
5.2.2.4 Fish and Game Sample Analysis 
Homogenates of muscle from fish or game (approximately 2.5 g) were ground with 
sodium sulphate and spiked with 200 pg of 1,3,5-tribromobenzene (internal 
standard). The homogenates were extracted with dichloromethane, allowed to stand 
for 1 h, followed by elution with another 250 mL of extraction solvent. Extracts were 
concentrated to approximately 10 mL. A 1 mL portion of sample was removed for 
gravimetric lipid determination and the remaining extract was concentrated to 1 mL, 
capped in a 2 mL gas chromatograph vial and stored at 4 °C until analysis by glc. 
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POPs were analyzed exactly as described above for serum samples. The method 
quantification limits for PCBs and OC pesticides ranged between 0.01 and 0.09 
ng/g.  
5.2.2.5 Health Status Survey 
An adapted version of the 2006 Statistics Canada Aboriginal Children’s Survey (114) 
was developed through collaborative dialogue between members of the Ecosystem 
Health Research Team from WIFN Health and Heritage Centres and the Schulich 
School of Medicine & Dentistry, Western University with consultation within the 
WIFN community. The survey was a detailed inquiry into the health status of WIFN 
participants, their children and grandchildren. Questions were asked regarding 
socio-demographic status, dietary habits, self-reported health problems and 
perceived health index. Of the 57 questionnaires distributed, 52 (91.2%) were 
completed and returned for analysis. 
5.2.2.6 Data Analysis 
The concentrations of individual POPs in serum of WIFN volunteers were compared 
to values recently reported in the literature where applicable, including other studies 
at First Nations and reference values for the general Canadian (Canadian Health 
Measures Survey; CHMS) (23) and general U.S. populations (National Health and 
Nutrition Examination Survey; NHANES) (24). Levels of POPs in serum were 
compared between subgroups using the Mann-Whitney U test or Kruskal-Wallis test 
where appropriate. GraphPad Prism 6.0 was used for statistical analyses 
throughout.  
5.2.2.7 Ethical Approval 
This research project was approved by two Band Council Resolutions from the 
Council of Three Fires/WIFN (2140-08; and 2009/10-294); the Health Canada 
Research Ethics Board (REB-2009-0006); the Western University Research Ethics 
Board for Use of Human Subjects (13752E1); and the Clinical Research Impact 
Committee of the Lawson Health Research Institute (R-08-054). 
5.2.3 Results 
5.2.3.1 Organochlorine (OC) pesticides  
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5.2.3.1.1 Serum Samples 
The socio-demographic and health characteristics of the WIFN participants in our 
participatory, community-based study are shown in Table 5.2.1; and the median 
(interquartile range) concentrations of the 17 OC pesticides in serum (expressed per 
g lipid weight) of WIFN volunteers, arranged from highest to lowest, are presented in 
Table 5.2.2. The POPs that were found above the level of detection (LOD) include 
15 OC pesticides (p,p’-DDT, p,p’-DDD; p,p’-DDE; 1,2,3,4-TCB; HCB; mirex; OCS; 
trans- and cis-nonachlor; β-, and γ-HCH; oxy-, cis- and trans-chlordane; and QCB). 
1,2,4,5-TCB and α-HCH occurred in serum at concentrations below the LOD. For 
contaminants that fell below the LOD, medians were estimated as 50% of the LOD 
value. Where applicable, geometric mean (95% C.I.) concentrations of POPs in 
serum from WIFN volunteers are compared to values reported in CHMS (35) or 
NHANES (36) (Table 5.2.3). Significantly higher levels of trans-nonachlor, HCB and 
oxychlordane were found in serum of WIFN volunteers compared to NHANES and 
CHMS databases (unpaired t-Test with Welch’s correction; P<0.05; Table 5.2.3). 
WIFN volunteers also have more p,p’-DDE in serum compared to CHMS data 
(unpaired t-test with Welch’s correction; P<0.05; Table 5.2.3). 
Four of the 15 OC pesticides, QCB, HCB, trans-nonachlor and p,p’-DDE 
occurred as residues in serum of all 56 volunteers at WIFN. The 7 OC pesticides 
found in the highest concentrations (p,p’-DDE, p,p’-DDT, HCB, mirex, trans-
nonachlor, γ -HCH, oxychlordane) are sorted by socio-demographic and health 
status in Table 5.2.4, where significant differences (Mann-Whitney U test or Kruskal-
Wallis test; P<0.05) are highlighted. Data are not shown in Table 5.2.4 for those self-
reported parameters (asthma; respiratory allergy; food allergy; ADHD; heart disease 
or heart condition; perceived health, self; perceived health, children; consumer of 
small game; consumer of large game; and consumer of game birds) where there 
was no difference in serum concentration for any of the OC pesticides. For 5 of the 
OC pesticides there is a positive correlation between serum concentration 
normalized for lipid content and age. Of significance, WIFN participants who self-
reported for diabetes (33%) have significantly higher levels of 5 OC pesticides  
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 Prevalence 
Sex 
Male 
Female 
 
58.9% 
41.1% 
  
Age 
<20 
20-29 
30-39 
40-49 
50-59 
60+ 
 
8.2% 
6.1% 
16.3% 
14.2% 
22.4% 
32.7% 
  
Smoking 58% 
  
Health Conditions* 
Diabetes 
Kidney Disease 
Asthma 
Respiratory Allergy 
Food Allergy 
Attention Deficit Hyperactivity 
Disorder (ADHD) 
Heart Condition or Disease 
 
33.3% 
17.1% 
51.2% 
43.2% 
41.9% 
29.7% 
 
15.2% 
  
Traditional Food 
Consumption 
Fish 
Small Game 
Large Game 
Game Birds 
Never Eat Fish 
 
 
82% 
51% 
84% 
88% 
23.8% 
  
Perceived Health 
Good, Very Good or 
Excellent (self) 
Good, Very Good or 
Excellent (children) 
 
72.9% 
 
80.6% 
 
Table 5.2.1 Socio-demographic and health characteristics of the WIFN volunteers  
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Organochlorine Median (IQR) 
(ppb; ng/g lipid) 
Minimum 
(ppb; ng/g lipid) 
Maximum 
(ppb; ng/g lipid) 
p,p’-DDE 
(N=56)1 
228 (566) 38 3,325 
Male (N=33) 225 (332) 38 954 
Female (N=23) 257 (750) 42.5 3,325 
trans-
Nonachlor1 
20.2 (19) 3.76 91.9 
Male (N=33) 22.2 (26) 3.76 91.9 
Female (N=23) 18.7 (18) 4.69 45 
HCB1 16.7 (14) 4.9 53.6 
Male (N=33) 16.8 (12) 5.82 53.6 
Female (N=23) 16.6 (18) 4.9 39.6 
Oxychlordane1 13.4 (14) 0.47 50.8 
Male (N=33) 14.5 (13) 0.47 50.8 
Female (N=23) 9.25 (15) 3.73 28 
β-HCH1 9.08 (8.1) 0.47 41.8 
Male (N=33) 10 (8.9) 0.47 29.2 
Female (N=23) 8.5 (7) 0.76 41.8 
p,p’-DDT1 6.85 (11) 0.32 22.2 
Male (N=33) 6.5 (12) 0.32 20.2 
Female (N=23) 7.12 (8.3) 0.48 22.2 
Mirex1 6.82 (4.6) 0.63 37.3 
Male (N=33) 7.35 (6) 0.64 37.3 
Female (N=23) 6.25 (3.3) 0.63 21 
QCB1 5 (1.9) 2.35 21.3 
Male (N=33) 5 (1.8) 2.35 21.3 
Female (N=23) 5 (1) 3.05 18.6 
cis-Nonachlor1 4.69 (7.4) 0.21 24.4 
Male (N=33) 5.86 (7.7) 0.21 24.4 
Female (N=23) 3.61 (5.4) 0.32 11.9 
1,2,4,5-TCB1 1.16 (0.3) 0.61 1.84 
Male (N=33) 1.17 (0.31) 0.61 1.84 
Female (N=23) 1.1 (0.33) 0.87 1.78 
1,2,3,4-TCB1 0.9 (0.5) 0.21 67.7 
Male (N=33) 0.88 (0.42) 0.21 67.7 
Female (N=23) 0.93 (6.6) 0.61 46.2 
p,p’-DDD1 0.56 (0.14) 0.29 5.68 
Male (N=33) 0.56 (0.18) 0.29 3.82 
Female (N=23) 0.52 (0.17) 0.42 5.68 
cis-Chlordane1 0.43 (0.12) 0.22 36.1 
Male (N=33) 0.43 (0.12) 0.22 36.1 
Female (N=23) 0.4 (0.14) 0.32 3.8 
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trans-
Chlordane1 
0.42 (0.1) 0.22 4.72 
Male (N=33) 0.42 (0.14) 0.22 3.53 
Female (N=23) 0.39 (0.13) 0.31 4.72 
OCS1 0.37 (0.11) 0.22 12.7 
Male (N=33) 0.37 (0.14) 0.22 4.67 
Female (N=23) 0.36 (0.11) 0.27 12.7 
γ-HCH1 0.36 (0.14) 0.18 66.7 
Male (N=33) 0.36 (0.16) 0.18 66.7 
Female (N=23) 0.35 (0.12) 0.26 26.7 
α-HCH1 0.31 (0.08) 0.16 0.49 
Male (N=33) 0.31 (0.08) 0.16 0.49 
Female (N=23) 0.29 (0.08) 0.23 0.48 
1 Combined males and females, N=56  
 
Table 5.2.2 Concentration of organochlorine pesticides in serum of Walpole Island 
First Nation volunteers (N=56) by gender and combined, expressed as median 
concentration (interquartile range; IQR) with minimum and maximum values (ppb; 
ng/g serum lipid) 
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1 Geometric mean (95% CI) 
2 trans-nonachlor 
3 WIFN data significantly higher than NHANES or CHMS (unpaired t-test with 
Welch’s correction; P<0.05) 
4 Less than the Level of Detection 
5 Not Reported  
 
Table 5.2.3 Concentration of organochlorine pesticides analyzed in serum of 
Walpole Island First Nation volunteers (N=56), National Health and Nutrition 
Examination Survey (NHANES),  and Canadian Health Measures Survey  (CHMS) 
databases expressed as Geometric Mean and 95% CI, ppb; ng/g lipid and showing 
the CHMS and NHANES percentile for the WIFN data 
 
 
Volunteers 
with 
organo-
chlorine 
> LOD 
No. (%) 
BOTH 
SEXES 
ppb 
ng/g 
lipid 
N=56 
FEMALES 
ppb 
ng/g lipid 
N=23 
MALES 
ppb 
ng/g 
lipid 
N=33 
NHANES 
ppb 
ng/g 
lipid 
CHMS 
ppb 
ng/g 
lipid 
WIFN as a 
Percentile 
NHANES 
; CHMS 
p,p’-DDE 56 (100%) 2451 
(185-
323) 
286 
(171-478) 
220 
(159-
279) 
238 
(195-
292) 
152 
(127-
182) 
50th ; 75th 
t-Nonachlor2 56 (100%) 19.8 
(16.3-
24.1) 
18.4 
(14.2-
23.7) 
20.9 
(15.6-
27.0) 
14.7 
(13.1-
16.5)3 
6.0 
(5.3-
6.8)3 
50th – 75th 
; >95th 
HCB 56 (100%) 16.6 
(14.5-
18.9) 
16.2 
(12.9-
20.5) 
16.8 
(14.3-
19.9) 
15.2 
(14.5-
15.9)3 
9.1 
(8.0-
10.3)3 
50th – 75th 
; 75th – 
90th 
Oxychlordane 54 (96%) 11.0 
(8.64-
14.0) 
10.7 
(8.01-
14.4) 
11.2 
(7.74-
16.1) 
9.47 
(8.7-
10.1)3 
4.2 
(3.8-
4.7)3 
50th -75th ; 
90th – 95th 
β-HCH 46 (82%) 7.39 
(5.50-
9.93) 
7.02 
(4.34-
11.4) 
7.65 
(5.16-
11.4) 
<LOD4 6.4 
(4.8-
8.6) 
<75th ; 
>95th 
p,p’-DDT 36 (64%) 3.43 
(2.35-
5.01) 
4.21 
(2.41-
7.35) 
2.98 
(1.78-
5.05) 
NR5 < LOD <90th 
Mirex 54 (96%) 6.73 
(5.56-
8.16) 
6.02 
(4.61-
7.87) 
7.28 
(5.52-
9.58) 
NR < LOD <90th 
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Table 5.2.4 Concentration of organochlorine pesticides in serum by socio-
demographic and health characteristics at Walpole Island First Nation, expressed as 
Geometric Mean (95% CI) 
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compared to those who did not. Levels of p,p’-DDT only were higher is participants 
from WIFN who consume fish (Table 5.2.4).  
5.2.3.1.2 Fish and Game Samples 
The concentrations (mean ± SEM, N=4) of OC pesticides in muscle from fish and 
game species commonly used as traditional food at WIFN, arranged from highest to 
lowest, are shown in Table 5.2.5. All but one of the OC pesticides occurred above 
the LOD in muscle of fish and game samples and p,p’-DDE occurred at the highest 
concentration in Woodcock (mean ± SD, 139 ± 66 ppb per g wet weight; ww). For 10 
of the OC pesticides, Woodcock muscle contained the highest concentration. QCB, 
HCB, OCS, trans-nonachlor, p,p’-DDE and oxychlordane occurred at or above the 
LOD in all samples tested whereas 1,2,4,5-TCB was below the LOD (0.01 ppb ww) 
in all samples. Mirex, trans-chlordane and p,p’-DDT occurred at or above the LOD in 
all samples tested except White-tailed deer (Table 5.2.5).  
5.2.3.2 PCB Congeners 
5.2.3.2.1 Serum Samples 
The median (interquartile range) concentrations of PCB congeners in serum, 
arranged from highest to lowest, appear in Table 5.2.6. The PCBs found at 
concentrations above the LOD included congeners 17(3; number of Cl atoms)/18(3) 
28(3)/31(3), 33(3), 44(4), 49(4), 52(4), 70(4), 74(4), 82(5)/151(6), 87(5), 95(5), 99(5), 
101(5), 105(5)/132(6), 110(5), 118(5), 128(6), 138(6), 149(6), 153(6), 156(6)/171(7), 
158(6), 170(7), 177(7), 180(7), 183(7), 187(7), 191(7), 194(8), 195(8)/208(9), 205(8), 
206(9) and 209(10). PCB 17 could not be separated from PCB 18 so the 
concentrations of these PCB congeners are reported together; the same is true for 
PCBs 28 and 31; 82 and 151; 32 and 105; 156 and 171; 195 and 208. In the context 
of enhanced risk for T2D it is important to note that PCB 105, 118 and 156 are DL 
PCBs. The other DL-PCB congeners either occurred below the LOD (PCB 157) or 
were not assayed (PCB 77, 81, 114, 123, 126, 167, 169 and 189). Where data exist, 
geometric mean concentrations (95% C.I.) in WIFN serum are compared to CHMS 
(38) and NHANES (39) values (Table 5.2.7).  
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Species 
Organochlorine 
Pesticide 
Pesticide 
Concentration 
(ppb; ng/g 
ww)1 
Pesticide 
Concentration 
(µg/500g 
portion) 
Woodcock 
(Scolopax minor) 
 
p,p’-DDE2 
 
139 ± 663 
 
2.68 – 1604 
 p,p’-DDD5 14.1 ± 13.5 0.063 – 27.2 
 trans-Nonachlor 4.39 ± 1.10 1.03 – 7.71 
 p,p’-DDT6 4.33 ± 3.80 0.20 – 7.81 
 Mirex 2.42 ± 0.04 0.13 – 1.84 
Walleye (Pickerel) 
(Sander vitreus) 
 
p,p’-DDE 
 
10.2 ± 7.0 
 
0.44 – 15.4 
 OCS7 1.49 ± 0.72 0.16 – 1.78 
 trans-Nonachlor 1.42 ± 0.87 0.075 – 2.00 
 p,p’-DDD 1.03 ± 0.55 0.080 – 1.33 
 cis-Nonachlor 0.59 ± 0.35 0.037 – 0.81 
Crappie (P. annularis; 
Pomoxis nigromaculatus)8 
 
p,p’-DDE 
 
3.02 (2.98-
3.06)8 
 
1.49 – 1.53 
 p,p’-DDD 0.77 (0.64-
0.90) 
0.32 – 0.45 
 OCS 0.50 (0.15-
0.85) 
0.073 – 0.43 
 HCB9 0.49 (0.22-
0.75) 
0.11 – 0.38 
 trans-Nonachlor 0.39 (0.38-
0.40) 
0.19 – 0.20 
Smallmouth Bass 
(Micropterus dolomieu) 
 
p,p’-DDE 
 
2.54 ± 0.64 
 
0.56 -1.86 
 OCS 0.96 ± 0.08 0.38 – 0.57 
 trans-Nonachlor 0.29 ± 0.04 0.084 – 0.18 
 p,p’-DDD 0.17 ± 0.03 0.049 – 0.11 
 HCB 0.15 ± 0.04 0.051 – 0.092 
Yellow Perch 
(Perca flavescens) 
 
p,p’-DDE 
 
1.97 ± 0.75 
 
0.36 – 2.03 
 p,p’-DDD 0.53 ± 0.28 0.089 – 0.66 
 OCS 0.30 ± 0.16 0.037 – 0.39 
 trans-Nonachlor 0.18 ± 0.06 0.030 – 0.17 
 HCB 0.16± 0.07 0.031 – 0.19 
Mallard Duck 
(Anas platyrhynchos) 
 
p,p’-DDE 
 
0.86 ± 0.47 
 
0.028 – 1.02 
 Mirex 0.21 ± 0.19 0.0034 – 0.39 
 Oxychlordane 0.052 ± 0.031 0.0057 – 0.072 
 1,2,3,4-TCB10 0.033 ± 0.010 0.0083 – 0.030 
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 OCS 0.033 ± 0.009 0.0080 – 0.030 
Rock Bass 
(Ambloplites rupestris) 
 
p,p’-DDE 
 
0.53 ± 0.13 
 
0.15 – 0.41 
 OCS 0.37 ± 0.11 0.051 – 0.31 
 HCB 0.27 ± 0.09 0.059 – 0.26 
 trans-Nonachlor 0.077 ± 0.020 0.013 – 0.056 
 p,p’-DDD 0.057 ± 0.004 0.020 – 0.040 
White Perch 
(Morone americana) 
 
p,p’-DDE 
 
0.47 ± 0.01 
 
0.22 – 0.25 
 trans-Nonachlor 0.47 ± 0.01 0.028 – 0.062 
 OCS 0.31 ± 0.08 0.089 – 0.25 
 HCB 0.15 ± 0.04 0.041 – 0.12 
 p,p’-DDD 0.057 ± 0.004 0.040 – 0.055 
White-tailed Deer 
(Odocoileus virginianus) 
 
HCB 
 
0.083 ± 0.009 
 
0.019 – 0.049 
 p,p’-DDE 0.072 ± 0.025 0.0054 – 0.065 
 OCS 0.033 ± 0.003 0.012 – 0.019 
 QCB 0.020 ± 0.002 0.073- 0.012 
 trans-Nonachlor 0.011 ± 0.002 0.0042 – 
0.0077 
Muskrat 
(Ondatra zibethicus) 
 
OCS 
 
0.38 ± 0.17 
 
0.0082 – 0.38 
 HCB 0.15 ± 0.04 0.028 – 0.12 
 p,p’-DDE 0.037 ± 0.023 0.0056 – 0.053 
 1,2,3,4-TCB 0.028 ± 0.007 0.0056 – 0.022 
 Oxychlordane 0.020 ± 0.006 0.0047 – 0.017 
1 Pesticide concentration, ng/g wet weight (ww) 
2 1,1,1-Trichloro-2,2-bis-(p-chlorophenyl) ethylene 
3 Mean ± SEM, N=4 
4 Range, lowest concentration Woodcock to highest concentration, Woodcock, 
µg/500 g muscle 
5 1,1,1-Trichloro-2,2-bis-(p-chlorophenyl) ethane 
6 1,1-Dichloro-2,2-bis(p-chlorophenyl)ethane  
7 Octachlorostyrene 
8 Mean (range), N=2 
9 Hexachlorobenzene 
101,2,3,4-Tetrachlorobenzene 
 
Table 5.2.5 Concentration of organochlorine pesticides in muscle of each traditional 
food species analyzed at Walpole Island First Nation. All specimens were captured 
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within WIFN traditional hunting grounds. Data are shown for the 5 OC compounds 
that were most concentrated in each species. The amount of OC pesticide (range) 
present in a 500 g portion of fish or game is also shown (µg/500g muscle) 
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PCB 
Congener 
Median 
(IQR) 
(95% CI) 
(ppb; ng/g 
lipid) 
Minimum 
(ppb; 
ng/g 
lipid) 
Maximum 
(ppb; 
ng/g 
lipid) 
 
% 
∑PCBs1 
% Weight 
in 
Aroclor 
12542 
% Weight 
In 
Aroclor 
12602 
∑ PCBs, 
N=563 
237 (271) 81.5 896 100   
Male 
(N=33) 
238 (306) 81.5 896    
Female 
(N=23) 
229 (263) 112 567    
PCB 153 
(N=56) 
38.9 (50) 7.25 233 16.4 3.29-3.77 9.39 
Male 46.7 (67) 7.82 233    
Female 33.7 (53) 7.25 123    
PCB 180 
(N=56) 
33.8 (47) 2.36 172 14.3 0.42-0.67 11.38 
Male 36.4 (53) 2.36 172    
Female 24.5 (49) 5.75 105    
PCB 138 
(N=56) 
31.1 (43) 6.12 174 13.1 5.80-5.95 8.54 
Male 31.1 (50) 6.12 174    
Female 32.8 (30) 7.45 93.9    
PCB 187 
(N=56) 
14.3 (18) 0.57 95 6.0 0.09-0.25 5.40 
Male 17.8 (31) 0.58 95    
Female 12.9 (15) 0.57 31.7    
PCB 52 
(N=56) 
14.2 (10) 5.44 40.6 6.0 0.83-5.38 0.24 
Male 13.5 (8.5) 5.44 39.1    
Female 15.6 (8.9) 7.76 40.6    
PCB 99 
(N=56) 
11.4 (9.6) 1.08 36.9 4.8 3.02-4.53 0.04 
Male 11.6 (11) 1.08 36.9    
Female 10.4 (9.2) 4.90 20.2    
PCB 118 
(N=56) 
11.1 (17) 0.74 48.1 4.7 7.35-13.6 0.48 
Male 11.8 (16) 1.18 48.1    
Female 10.9 (18) 0.74 42.1    
PCB 170 
(N=56) 
9.65 (11.7) 0.49 44 4.1 0.35-0.52 4.11 
Male 10.2 (13) 0.49 44    
Female 8.89 (11) 3.25 25.9    
PCB 194 
(N=56) 
9.30 (10) 0.41 30 3.9 0.01 2.07 
Male 10 (13) 0.41 30    
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Female 7.55 (8.5) 2.16 23    
PCB 201 
(N=56) 
8.31 (10) 0.43 36 3.5 −4 0.24 
Male 9.23 (14) 0.43 36    
Female 7.37 (7.4) 3.25 25.3    
PCB 95 
(N=56) 
6.97 (8.3) 0.83 20.3 2.9 1.84-6.25 2.45 
Male 6.89 (7.8) 0.83 16.8    
Female 7.05 (8.7) 1.25 20.3    
PCB 206 
(N=56) 
6.18 (6.3) 0.52 26.8 2.6 0.03 0.53 
Male 6.24 (7) 0.52 26.8    
Female 5.5 (5.9) 2.94 13.3    
PCB 183 
(N=56) 
5.87 (4.8) 0.5 22.3 2.5 0.18 2.41 
Male 6.67 (7.9) 0.5 22.3    
Female 5.25 (3.1) 0.5 10.2    
PCB 177 
(N=56) 
5.78 (5.7) 0.35 18.8 2.4 0.42-0.67 2.57 
Male 5.25 (7.8) 0.35 18.8    
Female 6.15 (3.8) 2.69 14.3    
PCB 209 
(N=56) 
5.47 (4.3) 0.63 16.5 2.3 − − 
Male 5.78 (4.1) 0.63 16.1    
Female 5.25 (5.5) 2.65 16.5    
PCB 110 
(N=56) 
4.54 (5.8) 0.57 17.6 1.9 8.42-9.29 1.33 
Male 1.48 (5.4) 0.57 13.5    
Female 5.58 (6.8) 0.74 17.6    
PCB 
156/171 
4.51 (6.9) 0.3 24.4 1.9 0.98/0.44 0.52/1.11 
Male 4.50 (8.8) 0.3 24.4    
Female 4.55 (6.5) 0.39 17.2    
PCB 
195/208 
3.93 (5.7) 0.51 80.8 1.7 −/0.01 0.84/0.13 
Male 4.22 (6.5) 0.51 11.8    
Female 3.52 (5.4) 0.56 80.8    
PCB 18/17 3.04 (0.85) 1.59 21.8 1.3 0.17/0.05 0.05/0.02 
Male 3.07 (0.82) 1.59 4.82    
Female 2.87 (0.95) 2.29 21.8    
PCB 101 
(N=56) 
1.88 (7.7) 0.71 16.2 0.79 5.49-8.02 3.13 
Male 1.67 (5.4) 0.71 12.6    
Female 5.93 (9.6) 1.07 16.2    
PCB 33 1.78 (0.47) 0.93 2.84 0.75 0.05-0.16 0.03 
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(N=56) 
Male 1.80 (0.49) 0.93 2.84    
Female 1.69 (0.51) 1.35 2.74    
PCB 49 
(N=56) 
1.76 (0.50) 0.91 16.4 0.74 0.26-1.10 0.01 
Male 1.76 (0.62) 0.91 16.4    
Female 1.64 (0.49) 1.31 2.67    
PCB 44 
(N=56) 
1.48 (0.38) 0.77 8.52 0.62 0.67-2.31 0.03 
Male 1.48 (0.49) 0.77 6.98    
Female 1.48 (0.43) 1.10 8.52    
PCB 31/28 1.42 (7.1) 0.65 25.0 0.60 0.20/0.13 0.04/0.03 
Male 1.42 (6.3) 0.65 20.9    
Female 1.39 (10) 0.99 25.0    
PCB 149 
(N=56) 
1.29 (0.44) 0.66 8.0 0.54 1.82-3.65 8.75 
Male 1.30 (0.71) 0.66 8.0    
Female 1.19 (0.40) 0.95 6.92    
PCB 70 
(N=56) 
1.29 (0.33) 0.67 2.04 0.54 3.49-6.83 0.04 
Male 1.30 (0.35) 0.67 2.04    
Female 1.21 (0.36) 0.97 1.97    
PCB 74 
(N=56) 
1.19 (0.42) 0.60 24.5 0.50 0.84-2.19 0.05 
Male 1.19 (0.55) 0.60 24.5    
Female 1.00 (0.34) 0.91 19.6    
PCB 
105/132 
1.00 (4.9) 0.53 14.1 0.42 5.18/1.90 0.22/2.90 
Male 1.08 (4.7) 0.53 10.0    
Female 0.98 (5.1) 0.70 14.1    
PCB 
87(N=56) 
0.83 (0.21) 0.43 1.31 0.35 3.41-3.99 0.41 
Male 0.83 (0.23) 0.43 1.31    
Female 0.78 (0.23) 0.62 1.27    
PCB 
151/82 
0.81 (0.21) 0.42 4.26 0.34 0.45/1.32 3.04/− 
Male 0.81 (0.23) 0.42 4.26    
Female 0.76 (0.23) 0.61 1.23    
PCB 128 
(N=56) 
0.74 (3.3) 0.34 6.97 0.31 1.42-1.71 0.53 
Male 0.92 (3.4) 0.34 6.97    
Female 0.72 (3.3) 0.48 6.39    
PCB 158 
(N=56) 
0.58 (0.17) 0.30 5.14 0.24 0.81-0.90 0.58 
Male 0.60 (0.22) 0.30 5.14    
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Female 0.58 (0.18) 0.46 4.48    
PCB 205 
(N=56) 
0.56 (0.15) 0.29 0.89 0.23 − 0.10 
Male 0.56 (0.15) 0.29 0.89    
Female 0.53 (0.16) 0.42 0.86    
PCB 191 
(N=56) 
0.49 (0.23) 0.25 4.29 0.21 − 0.17 
Male 0.49 (0.30) 0.25 4.29    
Female 0.48 (0.15) 0.36 3.24    
 
1 % ∑PCBs by congeners in each peak 
2 % of each congener reported in one batch for Aroclor 1260; and in 2 batches for 
   Aroclor 1254 (112) 
3 Combined males and females, N=56 
4 Trace at most 
 
Table 5.2.6 Concentration of Polychlorinated Biphenyl (PCB) congeners in serum 
from Walpole Island First Nation volunteers, expressed as Median (interquartile 
range; IQR) with minimum and maximum values; ppb; ng/g serum lipid 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	   	   	  	   224	  
PCB 153 occurred at the highest concentration, 41.7 ppb (33.0-52.7) and was 
present in blood of all volunteers at WIFN; all PCB congeners (except for PCB 44),  
occurred at higher concentrations in serum from WIFN than in CHMS (38) or 
NHANES (39) (Table 5.2.7).  
The levels of 7 selected PCB congeners in serum segregated according to 
socio-demographic and health status are shown in Table 5.2.8. PCBs chosen for this 
analysis include 4 of the congeners found at the highest levels (PCB 153; 180; 138; 
187) and in all subjects at WIFN; the sum of all congeners, ∑PCBs (i.e. total of PCBs 
analyzed); PCB 52, a tetrachloro-PCB (2,2',5,5'-tetrachlorobiphenyl) and PCB 209,  
the fully chlorinated congener. Only parameters with significant differences (Mann-
Whitney U test or Kruskal-Wallis test; P<0.05) are shown in Table 5.2.8.  Data are 
not shown for those self-reported parameters (asthma; respiratory allergy; food 
allergy; ADHD; heart disease or heart condition; kidney disease, perceived health, 
self; consumer of small game; and consumer of game birds) where there was no 
difference in serum concentration for any of the PCB congeners. 
For 6 PCB congeners evaluated (all but PCB 52) there is a positive 
correlation between serum concentration and years of age. As with several OC 
pesticides (Table 5.2.4), WIFN participants who self-reported for diabetes have 
higher levels of 6 PCB congeners in serum vs. those who did not. Levels of PCB 209 
were significantly higher in fish consumers at WIFN (Table 5.2.8).  
5.2.3.2.2 Fish and Game Samples 
The highest concentrations (mean ± SEM, N=4) of PCBs in muscle from fish and 
game species commonly used as traditional food at WIFN are reported in Table 
5.2.9. All PCBs occurred at concentrations equal to or above the LOD in at least one 
of the muscle samples from fish or game. All PCB congeners were detected in all 
samples of Crappie, Walleye and Smallmouth Bass. Of the 13 PCBs detected in all 
samples, 11 occurred at the highest concentration in Walleye (PCB 28/31, 33, 101, 
99, 110, 149, 118, 153, 32/105, 138 and 180).  For 27 of the PCB congeners 
assayed, Walleye was the species with the highest concentration in muscle. 
Consistent with this observation, Walleye also has the highest ∑ PCBs (64.2 ± 38 
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PCB 
Congener 
(No. Cl 
atoms) 
Volunteers 
With PCBs 
> LOD 
No. (%) 
WIFN 
All 
ppb1,2 
(ng/g 
lipid)1 
(N=56) 
WIFN 
Female 
ppb1,2 
(ng/g 
lipid) 
(N=23) 
WIFN 
Male 
ppb1,2 
(ng/g 
lipid) 
(N=33) 
NHANES 
DATA 
ppb1,3 
(ng/g 
lipid) 
CHMS 
DATA 
ppb1,3 
(ng/g 
lipid) 
Percentile 
WIFN 
vs. 
NHANES; 
CHMS 
PCB 153 
(6) 
NDL-
PCB4 
56 (100) 41.7 
(33.0-
2.7) 
35.3 
(24.5-
50.9) 
46.8 
(34.1-
64.2) 
19.85 
(18.8-
0.9) 
18.35 
(15.8-
21.2) 
50th – 75th;  
75th – 90th 
PCB 138 
(6) 
NDL-PCB 
56 (100) 32.3 
(25.9-
40.2) 
29.1 
(21.2-
39.9) 
34.7 
(25.4-
47.3) 
NR6 10.15 
(8.92-
11.5) 
ND ; 75th – 
90th 
PCB 180 
(7) 
NDL-PCB 
56 (100) 30.1 
(23.1-
39.2) 
25.7 
(17.2-
38.3) 
33.6 
(23.4-
48.4) 
15.15 
(14.5-
15.7) 
15.25  
(13.5-
17.1) 
50th – 75th; 
50th – 75th 
PCB 52 
(5) 
NDL-PCB 
56 (100) 14.8 
(13.2-
16.6) 
16.2 
(13.7-
19.2) 
13.9 
(11.9-
16.2) 
2.665  
(2.43-
2.91) 
< 
LOD7 
>95th; 
>95th 
PCB 187 
(7) 
NDL-PCB 
51 (91.1) 12.0 
(8.64-
16.6) 
10.5 
(7.18-
15.3) 
13.2 
(7.96-
21.7) 
4.235 
(3.96-
4.50) 
2.915 
(2.59-
3.29) 
75th – 90th; 
75th – 90th 
PCB 118 
(5) 
DL-PCB8 
53 (94.6) 11.5 
(9.02-
14.6) 
11.9 
(8.04-
17.7) 
11.2 
(8.11-
15.4) 
6.05 
(5.54-
6.50) 
4.435  
(3.78-
5.20) 
75th – 
90th; 75th 
– 90th 
PCB 99 
(5) 
NDL-PCB 
53 (94.6) 10.6 
(8.75-
12.7) 
11.0 
(9.20-
13.1) 
10.3 
(7.60-
13.9) 
4.165  
(3.82-
4.54) 
< LOD 75th – 90th; 
90th – 95th 
PCB 170 
(7) 
NDL-PCB 
55 (98.2) 10.0 
(8.04-
12.5) 
9.62 
(7.37-
12.6) 
10.3 
(7.37-
14.4) 
5.465  
(5.22-
5.71) 
4.605  
(4.09-
5.17) 
50th – 75th; 
75th – 90th 
PCB 183 
(7) 
NDL-PCB 
52 (92.9) 5.74 
(4.60-
7.18) 
4.52 
(3.27-
6.25) 
6.79 
(5.01-
9.19) 
1.455  
(1.38-
1.54) 
< LOD 75th – 90th; 
90th – 95th 
PCB 206 
(9) 
NDL-PCB 
53 (94.6) 5.69 
(4.64-
6.97) 
6.22 
(5.03-
7.69) 
5.35 
(3.88-
7.36) 
2.135  
(1.97-
2.31) 
< LOD 75th – 90th; 
>95th 
PCB 209 
(10)  NDL 
54 (96.4) 5.62 
(4.73-
6.67) 
6.07 
(4.82-
7.63) 
5.32 
(4.14-
6.85) 
1.405 
(1.21-
1.61) 
NR 75th – 90th; 
ND 
PCB 177 
(7) 
NDL-PCB 
51 (91.1) 5.39 
(4.32-
6.72) 
6.24 
(5.23-
7.43) 
4.87 
(3.40-
6.98) 
1.135 
(1.07-
1.20) 
NR 90th – 95th; 
ND 
PCB 194 
(8) 
55 (98.2) 4.95 
(3.87-
7.38 
(5.53-
8.59 
(6.25-
2.695  
(2.53-
2.915  
(2.59-
50th – 75th; 
50th – 75th 
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NDL-PCB 6.33) 9.83) 11.8) 2.85) 3.29) 
PCB 101 
(5) 
NDL-PCB 
25 (44.6) 3.06 
(2.35-
3.99) 
4.04 
(2.54-
6.41) 
2.52 
(1.83-
3.48) 
1.65 
(1.51-
1.81) 
< LOD 75th – 90th; 
>95th 
PCB 110 
(5) 
NDL-PCB 
33 (58.9) 2.91 
(2.20-
3.84) 
3.97 
(2.56-
6.16) 
2.34 
(1.63-
3.36) 
1.22 
(1.11-
1.33) 
NR 75th – 90th; 
ND 
PCB 49 
(5) 
NDL-PCB 
1 (1.8) 1.86 
(1.64-
52.11) 
1.72 
(1.60-
1.86) 
1.97 
(1.60-
2.42) 
1.29 
(1.20-
1.39) 
NR 50th – 75th; 
ND 
PCB 74 
(5) 
NDL-PCB 
7 (12.6) 1.58 
(1.24-
2.02) 
1.60 
(1.08-
2.36) 
1.57 
(1.13-
2.18) 
4.815  
(4.63-
4.99) 
< LOD < 50th; 
<50th 
PCB 44 
(5) 
NDL-PCB 
2 (3.6) 1.55 
(1.40-
1.72) 
1.58 
(1.33-
1.88) 
1.53 
(1.33-
1.75) 
2.06 
(1.93-
2.19) 
NR < 50th; 
ND 
PCB 149 
(6) 
NDL-PCB 
7 (12.6) 1.53 
(1.31-
1.80) 
1.33 
(1.12-
1.58) 
1.69 
(1.33-
2.16) 
0.605 
(0.56-
0.64) 
NR 90th – 95th; 
ND 
1 Geometric mean and 95% CI in each case, ng per g lipid in serum2 or plasma3 
4 Non-Dioxin Like PCB congener 
5  Significant difference compared to WIFN (unpaired t-test with Welch’s correction; 
P<0.05) 
6 Not Reported 
7 Less than the Level of Detection 
8 Dioxin-Like PCB congener 
 
Table 5.2.7 Geometric mean concentration and 95% CI for selected Polychlorinated 
Biphenyl (PCB) congeners  in serum (ppb; ng/g lipid) of Walpole Island First Nation 
volunteers (N=56), National Health and Nutrition Examination Survey  and Canadian 
Health Measures Survey  databases and NHANES and CHMS percentiles for WIFN 
combined male and female data 
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Table 5.2.8 Concentration of polychlorinated biphenyl congeners in serum by socio-
demographic and health characteristics at Walpole Island First Nation, expressed as 
Geometric Mean (95% CI) 
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Species 
 
PCB 
Congener 
PCB 
Congener 
Concen-
tration 
(ppb; ng/g 
ww)1 
PCB 
Congener 
Concen-
tration 
(µg/500g 
portion) 
Woodcock 
(Scolopax minor) 
 
∑PCBs2 
 
32.2 ± 8.03 
 
7.40-25.44 
 PCB 187 7.25 ± 1.57 1.75-5.43 
 PCB 138 3.61 ± 0.90 0.72-2.82 
 PCB 149 2.87 ± 1.40 0.20-2.90 
 PCB 153 2.82 ± 0.52 0.81-2.01 
Walleye (Pickerel) 
(Sander vitreus) 
 
∑PCBs 
 
64.2 ± 38.0 
 
4.31-88.3 
 PCB 138 7.77 ± 4.90 0.45-11.1 
 PCB 153 7.02 ± 4.20 0.46-9.68 
 PCB 180 5.27 ± 3.30 0.28-7.54 
 PCB 147 4.72  ± 2.90 0.32-6.62 
Crappie (P. 
annularis; Pomoxis 
nigromaculatus)5 
 
∑PCBs 
 
13.4 (9.41-
17.4)5 
 
4.71-8.68 
 PCB 74 2.06 (0.96-
3.15) 
0.48-1.58 
 PCB 138 1.31 (1.05-
1.57) 
0.52-0.78 
 PCB 153 1.40 (1.24-
1.56) 
0.62-0.78 
 PCB 180 0.88 (0.79-
0.97) 
0.39-0.48 
Smallmouth Bass 
(Micropterus 
dolomieu) 
 
∑PCBs 
 
20.5 ± 3.3 
 
7.18-13.4 
 PCB 74 2.38 ± 0.95 0.28-2.51 
 PCB 153 2.20 ± 0.45 0.57-1.50 
 PCB 138 2.15 ± 0.45 0.55-1.48 
 PCB 180 1.45 ± 0.29 0.36-0.97 
Yellow Perch 
(Perca flavescens) 
 
∑PCBs 
 
6.99 ± 1.70 
 
1.42-5.23 
 PCB 74 0.82 ± 0.57 0.10-0.98 
 PCB 138 0.72 ± 0.21 0.12-0.65 
 PCB 153 0.69 ± 0.21 0.12-0.61 
 PCB 95 0.53 ± 0.10 0.11-0.35 
Mallard Duck 
(Anas 
platyrhynchos) 
 
∑PCBs 
 
2.76 ± 1.60 
 
0.11-0.35 
 PCB 74 0.68 ± 0.33 0.0088-0.82 
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 PCB 153 0.37 ± 0.25 0.011-0.37 
 PCB 138 0.23 ± 0.17 0.0073-0.37 
 PCB 180 0.19± 0.13 0.0034-0.29 
Rock Bass 
(Ambloplites 
rupestris) 
 
∑PCBs 
 
2.84 ± 0.61 
 
0.89-2.15 
 PCB 138 0.29 ± 0.083 0.073-0.26 
 PCB 153 0.28 ± 0.084 0.070-0.26 
 PCB 101 0.19 ± 0.038 0.057-0.14 
 PCB 149 0.16 ± 0.040 0.044-0.12 
White Perch 
(Morone americana) 
 
∑PCBs 
 
2.53 ± 0.17 
 
1.01-1.40 
 PCB 138 0.23 ± 0.013 0.11-0.13 
 PCB 52 0.23 ± 0.039 0.046-0.13 
 PCB 153 0.21 ± 0.0093 0.096-0.12 
 PCB 149 0.14-± 0.007 0.061-0.076 
White-tailed Deer 
(Odocoileus 
virginianus) 
 
∑PCBs 
 
0.83 ± 0.25 
 
0.11-0.70 
 PCB 74 0.49 ± 0.13 0.14-0.37 
 PCB 52 0.11 ± 0.012 0.046-0.073 
 PCB 101 0.040 ± 0.010 0.0082-0.023 
 PCB 153 0.039 ± 0.005 0.013-0.025 
Muskrat 
(Ondatra 
zibethicus) 
 
∑PCBs 
 
0.57 ± 0.11 
 
0.17-0.42 
 PCB 52 0.12 ± 0.019 0.034-0.081 
 PCB 31/28 0.089 ± 0.008 0.038-0.055 
 PCB 153 0.066 ± 0.002 0.016-0.049 
 PCB 187 0.041 ± 0.003 0.0044-0.062 
1 PCB congener concentration, ng/g wet weight (ww) 
2 Sum of all PCB congeners analyzed 
3 Mean ± SEM, N=4 
4 Range, lowest concentration Woodcock to highest concentration, Woodcock, 
µg/500 g muscle  
5 Mean (range), N=2 
 
Table 5.2.9 Concentration of PCB congeners in muscle of each Traditional Food 
species analyzed at Walpole Island First Nation. All specimens were captured within 
WIFN Traditional hunting grounds. Data are shown for the sum of all PCBs and the 4 
PCB congeners that were most concentrated in each species. The amount of 
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∑PCBs and PCB congeners (range) present in a 500 g portion of fish or game is 
also shown (µg/500g portion) for muscle. 
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ppb per g ww) with Woodcock a distant second (32.2 ± 8.0 ppb). At the other end of 
the spectrum, Muskrat muscle was found to have the lowest concentration of total 
PCBs (0.57 ± 0.11 ppb). 
5.2.3.3 Gender Differences 
The only sex difference noted for OC pesticides was with cis-nonachlor, where 
serum from WIFN males contain more than do serum from females (Mann-Whitney 
U Test, P<0.05). A similar observation was made with PCB 183, the only congener 
that showed a sex difference, (Mann-Whitney U Test, P<0.05). 
5.2.3.4 Interindividual Differences 
There were large interindividual differences in content of some POPs in serum 
amongst the volunteers. For example, the highest individual concentration of p,p′-
DDE (3,325 ppb per g lipid) was almost double the next highest (1,678 ppb), and 88-
fold greater than the lowest value (38 ppb/lipid). This difference may be related to 
occupational exposure of some volunteers to DDT in the past. 
5.2.4 Discussion 
The concern that WIFN community members have about the effects exposures to 
environmental pollutants in their food and water are having on their health, and 
especially on the health of their children resulted in the formation of our community-
based partnership (111) to investigate this question. The proximity of the WIFN 
reservation to major sources of air and water pollutants (downstream on the St. Clair 
River from Sarnia and the 60 industrial complexes located on the Canadian and 
American sides of this river in “Chemical Valley” (17) and close to Detroit) means 
these are legitimate concerns. These industrial sources on or near the St. Clair River 
are believed responsible for the loadings of POPs found in the upper 10 km of Lake 
St. Clair (115, 116).  
Since North American regulations have banned their use, concentrations of 
POPs in the WIFN ecosystem have decreased; one study reported a 20-fold 
decrease in p,p’-DDE concentrations in snapping turtle eggs at WIFN between 1984 
and 1999 (117). Between 1977 and 1993 mean levels of PCBs in Lake Ontario fish 
declined from 9.08 to 1.72 ppm per g ww (118). More recently the rate of decline of 
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POPs residues in Great Lakes fish has been decreasing (119), and may have 
stabilized (120, 121). This means that human biomonitoring studies in this area are 
relevant, especially for those who consume fish. A direct relationship exists between 
consumption of contaminated fish and levels of PCBs in serum (122); one study 
reported elevated PCB levels in plasma of a group of Great Lakes fish consumers 
(geometric mean: 4.8 ppb per g lipid in males, 2.1 ppb in females) vs. non-
consumers (1.5 ppb in males, 0.9 ppb in females; P < 0.05) (123).   
It is now possible to measure trace amounts of contaminants in biological 
samples with both sensitivity and specificity and interindividual variability in the 
toxicokinetics of POPs in humans is known (124). By analyzing the same POPs in 
muscle of fish and game species captured in the traditional hunting grounds of the 
WIFN that are commonly consumed there, we determined significant current dietary 
sources of POPs in this community (Tables 5.2.5 and 5.2.9). Predatory fish species 
and the Woodcock are the species with greatest OC pesticide and PCB residue 
levels. 
5.2.4.1 PCB Congeners 
PCBs were produced and used for many industrial and commercial purposes in 
North America for more than 50 years. Even though they are no longer 
manufactured here they still occur as tissue residues in humans and in the 
environment (125-127). From a mechanistic standpoint, structure-activity 
relationships of PCB congeners are important.  Thus, DL-PCB congeners have 
similar mechanisms of action to dioxin and all other dioxin-like compounds because 
they interact with the cytosolic aryl hydrocarbon receptor (AHR) (128).  PCBs 77, 81, 
105, 114, 118, 123, 126, 156, 167, 169 and 189 have a similar mechanism of toxicity 
to dioxin because they bind to the AHR and induce a pleiotropic response, 
increasing the expression of multiple genes. The degree of toxicity of individual DL 
PCB congeners depends upon their affinity for the AHR (128). Although much of the 
risk assessment of PCBs focuses on the DL congeners because of their potential for 
carcinogenesis, teratogenesis and increasing the risk for T2D,  NDL congeners are 
also of importance because they normally occur at higher concentrations in the 
environment (129). For example, 18 of the 19 PCB congeners found in serum at 
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WIFN at the highest concentration were NDL congeners; the only DL-congener, 
PCB 118, ranked 6th (of 19) in terms of concentration (geometric mean (95% CI), 
11.5 (9.02-14.6) ppb per g lipid (Table 5.2.7), accounting for 4.7% of total PCBs on a 
ppb basis). Some NDL PCB congeners show thyroid toxicity, estrogenic and anti-
estrogenic activity and/or neurotoxicity. Although the precise mechanisms for these 
toxic effects remain incompletely known they can involve PCB metabolites. For 
example, several meta- and para-substituted hydroxyl-PCBs are potent inhibitors of 
T2 sulfotransferase activity, an important enzyme in normal thyroid function, with 
IC50 values between 0.2 and 1.0 µM (130). These potent inhibitors include 3-OH-
2,3’,4,4’,5-PCB; 4-OH-2,3,3’,4’,5-PCB; 4-OH-2’,3,3’,4’,5-PCB as well as the 
dihydroxy metabolites, 3,3’-(OH)2-4,4’-PCB and 4,4’-(OH)2-3,3’,5,5’-PCB. Similarly 
two hydroxylated congeners, 4-OH-2',3,3',4',5,5'-PCB and 4,4'-(OH)2-3,3',5,5'-PCB 
are known to have anti-estrogenic activity due to interaction with the estrogen 
receptor (131). The role of PCBs and their metabolites in neurotoxicity is well 
documented and is becoming more complex. For example, PCB 95 and its 4-OH- 
and 5-OH-metabolites all are able to modify ryanodine receptor 1-dependent single 
channel gating behavior, but by different mechanisms (132). Some of the current 
complexity arises from the fact that several congeners, including PCB 91, 95, 136 
and 149 are chiral, existing as two atropisomers (stereoisomers) that have different 
biological activity and are selectively metabolized by cytochrome P450 to 
hydroxylated products (56). Additional research is required before important 
mechanistic aspects of NDL PCB congener toxicity are completely understood, 
including their contribution to enhanced risk for T2D (see below). It is very difficult to 
determine the health risk from a single PCB or a mixture of PCBs due to the 
presence of other persistent toxic chemicals including OC pesticides and 
methylmercury in the environment and as tissue residues. Environmental exposures 
are to complex mixtures of chemicals, a real confounder in determining the 
detrimental health effects of individual environmental contaminants. 
5.2.4.2 POPs Concentrations, CHMS and NHANES 
The DDT metabolite, p,p’-DDE occurred at the highest concentrations in serum of 
WIFN volunteers, much higher than DDT (Table 5.2.3), showing that exposure to 
 	   235	  
DDT occurred many years ago,  consistent with the banning of this insecticide in 
North America in the early 1970’s (133). The geometric mean of p,p’-DDE falls in the 
50th percentile of individuals in the NHANES database, reported in 2009 and into the 
75th percentile of the CHMS database reported in 2010 (23, 24). The geometric 
means for serum content of oxychlordane, HCB and trans-nonachlor at WIFN fall 
between the 50th and 75th percentiles of the NHANES data, indicating that values at 
WIFN fall within the general distribution of the U.S. population (24). However, when 
comparing the same values to the CHMS the WIFN levels fall into the 90-95th, 75-
90th and >95th percentiles for oxychlordane, HCB and trans-nonachlor, respectively. 
These results indicate that WIFN community members have higher than normal 
environmental exposures to several OC pesticides compared to the general 
Canadian population (23). This appears not be driven by fish consumption alone 
because p,p’-DDT is the only OC pesticide we found to be significantly higher in 
serum of self-reported fish eaters (Table 5.2.4). However, based on the data of 
others (122) and our POPs residue analysis in fish (Tables 5.2.5 and 5.2.9) our 
results may best be explained by the known limitations of self-report studies. 
The NDL congener PCB 153 (2,2',4,4',5,5'-hexachlorobiphenyl) occurred at 
the highest concentration in serum of WIFN volunteers (Table 5.2.6) and was 
present in all those sampled. This is not surprising because PCB 153 is a 
quantitatively important constituent of both Aroclor 1254 (3.29-3.77% by weight) and 
Aroclor 1260 (9.39%) (127).The geometric mean of PCB 153 in serum at WIFN falls 
between the 50th and 75th percentile of those sampled in NHANES (Table 5.2.7). 
PCB 153 was also found at the highest concentrations in blood and was present in 
all adults sampled for NHANES (24), demonstrating its ubiquitous distribution in the 
environment. Consistent with many literature reports (133-136), the di-ortho-
chlorine-substituted NDL congeners PCB 138 (6 chlorines), 153 (6) and 180 (7) 
occurred at highest concentrations in serum at WIFN. These 3 congeners, along 
with PCB 157 (6) were also found in highest concentrations in muscle of Walleye 
and Woodcock (Table 5.2.9) captured at WIFN.  
Hexachlorobiphenyl congeners are major constituents of both Aroclor 1254 
(34%) and Aroclor 1260 (38%), whereas heptachlorobiphenyl congeners are major 
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constituents only of Aroclor 1260 (41%), occurring at 7% in Aroclor 1254 (33). The 
fingerprint (Table 5.2.6) of the ten most concentrated PCB congeners in serum at 
WIFN (PCB 153, 16.4% of ∑of PCBs; PCB 180, 14.3%; PCB 138, 13.1%; PCB 187, 
6.0 %; PCB 52, 6.0; PCB 99, 4.8%; PCB 118, 4.7%; PCB 170, 4.1%; PCB 194, 
3.9%; and PCB 201, 3.5%) is similar to that reported for serum or plasma in many 
other recent biomonitoring studies in the general population and in First Nations 
communities. This fingerprint of primarily NDL PCB congeners is discussed with 
reference to enhanced risk for T2D below. The trace amounts of PCB 17/18, PCB 
28/31 and PCB 33 found in serum at WIFN are consistent with the fact that these tri-
chlorinated PCB congeners are eliminated relatively effectively by cytochrome P450-
dependent metabolism whereas the more persistent PCBs 138, 153 and 180 are 
resistant to this oxidative metabolism (127). In a similar vein, PCB 187 (7; number of 
chlorine atoms), 170 (7), 194 (8), 201 (8), 206 (9), 183 (7), 177 (7) and 209 (10), 
congeners with 7-10 chlorine atoms were found in blood of at least 90% of our 
volunteers. The geometric mean values in blood at WIFN fall into the 90th percentile 
of CHMS data (23) for PCB 118, 138, 153 and 170; and into the 95th percentile of 
NHANES data (24) for PCB 44, 49, 52, 101, 110, 149, 183 and 177, showing that 
our subjects were and/or are exposed to higher concentrations of these pollutants 
than the average Canadian or American citizen. Thus, members of the WIFN 
community are at enhanced risk for any diseases or conditions related exclusively to 
exposures to POPs (OC pesticides and PCB congeners) in the environment. This 
seems to be related to the fact that the CHMS and NHANES databases contain 
representative samples of  low to moderate fish eaters in North America (24).  
5.2.4.3 Aboriginal Studies and POPs 
There are several studies that investigated exposure of Aboriginal communities in 
Canada to OCs and PCBs by analysis of blood. A recent study of Inuit women in 
Nunavik found no relationship between exposure to DL PCBs (geometric mean of 
congeners 105 (69.2 ng/g lipid), 118 (352 ng/g lipid), 156 (98.5 ng/g lipid), 157 (35.1 
ng/g lipid), 167 (33.7 ng/g lipid) and 189 (15.3 ng/g lipid)), concentrations much 
higher than found at WIFN where the geometric mean for PCB 118 was 11.5 ppb 
per g lipid, 3.3% that in the Inuit women (Tables 5.2.6 and 5.2.7) and bone strength, 
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a health condition that occurs more often in Inuit compared to non-Aboriginals (137). 
Higher levels of total PCBs were found in blood of young adults (17-21 years of age) 
of the Akwesasne Mohawk Nation who were breastfed as infants, were first born or 
consumed local fish within the past year of life (138). Higher concentrations of the 
OC pesticide metabolite p,p’-DDE were reported in plasma of male and female 
(higher values are shown here) members of the Fort Albany (475.0 ± 474.0 ppb per 
g lipid; p,p’-DDE/p,p’-DDT ratio = 36.5) and Kashechewan First Nations (550.1 ± 
676.3 ppb; p,p’-DDE/p,p’-DDT ratio = 47.3) (139), communities located in the far 
North of Ontario than in serum from WIFN community members (geometric mean 
(95% CI), for females 286 (171-478) ppb per g lipid, Table 5.2.3; DDE/p,p’-DDT ratio 
= 67.9). The higher metabolite/DDT ratios at WIFN demonstrate markedly more 
cytochrome P450-dependent metabolism of DDT has occurred there than at Fort 
Albany and Kashechewan First Nations or that the exposures to DDT in the northern 
communities is more recent.  
In 2010, Medehouenou and his colleagues reported that PCB 153 in Inuit 
blood (median concentration of 193 ppb per g lipid in men and 161 ppb in women), 
levels much higher than found in blood at WIFN (median concentration of 38.9 ppb 
per g lipid; Table 5.2.6) is positively correlated with AHR-mediated transcriptional 
activity, measured with a luciferase reporter gene assay (Pearson's r=0.53, p<0.001) 
(140). This study also revealed that age and an index of marine food consumption, 
erythrocyte omega-3 fatty acids in serum, are positively associated with plasma 
AHR-mediated transcriptional activity whereas body fat mass is negatively 
associated with PCB 153. Not surprisingly, AHR-mediated transcriptional activity of 
compounds in Inuit blood is linked to their content of DL compounds, including DL 
PCBs. This has implications for increased risk of T2D, as discussed in more detail 
below.  The average blood concentration of total PCB 153 found in serum collected 
during the Ojibwe Health Study of several First Nations in Wisconsin, Michigan and 
Minnesota was 65 ppb (60), 1.7-fold greater than at WIFN. 
5.2.4.4 POPs and Type 2 Diabetes (T2D) 
Several publications report a positive association between environmental exposures 
to POPs and the risk for T2D (93, 97, 98, 141) but there are others where no 
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association was found (142). This is of special importance to First Nations 
communities in Canada where the incidence of this form of diabetes is 3- to 5-fold 
higher than in non-Aboriginal Canadians (65, 66). In 2013 Zeliger (143) speculated 
that induction of T2D is due, at least in part, to sequential exposure to levels of 
lipophilic and hydrophilic environmental pollutants at concentrations much lower than 
currently are believed to be toxic. Such a mechanism, although unproven, might 
account for these contradictions in the literature. It might also be that individual 
contributions from chemicals with individual but complementary biological activities 
are required, for example, both DL and NDL PCB congeners and/or OC insecticides. 
To illustrate some of the complexity, an excellent 2013 prospective study conducted 
by Wu et al (95) tested individually for a positive association between three different 
OC POPs (HCB, p,p’-DDE and p,p’-DDT), several individual PCB congeners (PCB-
118, -138, -153, -180); ∑PCB-118, -138, -153, -180 congeners;  total PCBs; and 
total POPs; and risk of T2D in 1,095 women from the Nurses’ Health Study. These 
subjects were free of diabetes when their blood was drawn in 1989-90. These 
authors also conducted a meta-analysis of the relevant literature through 2011 and 
identified 6 other published prospective studies that met their inclusion criteria. As a 
result of their original epidemiological study, they found that the plasma 
concentration of HCB was positively associated with the incidence of T2D with OR 
3.59 (95% CI, 1.28-5.27). The other POPs tested were not positively associated with 
risk for T2D in their study cohort. As a result of combining their data with that of the 
other 6 published articles (95), the authors reported that positive associations 
between T2D risk and POPs concentrations in plasma existed only for HCB (pooled 
OR 2.0, 1.13-3.53) and total PCBs (pooled OR 1.70, 1.28-2.27). None of the other 
POPs showed a positive association with enhanced risk for T2D. Are exposures to 
multiple chemicals, including some not monitored or considered in these 
epidemiological studies, at a minimal concentration (dose) for each over an 
extended period, required for this outcome? This could explain why some individual 
studies report positive associations between T2D or hypertension and certain PCB 
congeners or classes, whereas these same studies show no association between 
T2D or hypertension and other PCB congeners (102). It is also consistent with the 
outcome of Wu et al.’s meta-analysis (95).   
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In 2014, Kim and his colleagues (92) noted that multiple POPs, including DDT 
and its metabolites, chlordane, and PCBs with 5 or less chlorine atoms, are 
positively associated with insulin resistance and T2D. Lee and his colleagues (69) 
reported that simultaneous exposure to multiple POPs (9 OC pesticides, 35 PCB 
congeners, 10 brominated diphenyl ethers and 1 polybrominated biphenyl; PBB) in 
the general population might contribute to development of common precursors to 
T2D, including obesity, dyslipidemia, and insulin resistance. Significant positive 
associations were found in this study between exposure of diabetes-free individuals 
to low doses (for example, 2.154-3.312 ppb, lipid normalized for p,p’-DDE in quartile 
2 (Q2); 3.313-5.731 ppb in Q3; 0.205-0.349 ppb PCB 153 in Q2 and 0.350–0.466 
ppb (Q3) of 8 OC pesticides, 22 PCB congeners and 1 PBB analyzed in year 2 of 
the study with disturbances in metabolic conditions measured at year 20, which 
showed an inverted U-shaped dose-response relationship (144), indicating greater 
response at lower dose(s). Regarding effective dose, PCB concentrations are 5- to 
10-fold higher in visceral adipose tissue than in subcutaneous adipose tissue 
irrespective of diabetes status (144).  
It is recognized that POPs content of serum or plasma is quite variable and 
represents short term exposures, not accurately representing chronic exposures to 
POPs (94, 145). This makes the recent investigation of Arrebola et al (94) of special 
interest. This group showed that the 2nd (T2) and 3rd tertiles (T3) of p,p'-DDE 
content in adipose tissue (45.6-155 ppb per g lipid and >155 ppb, respectively) were 
positively associated with the risk of T2D in a population from Spain (adjusted OR of 
4.7 and 10.9, respectively for individuals with BMI <30.0 kg/m3 and 17.7 and 6.7, 
respectively for those with BMI >30.0 kg/m3). Exposures in this study were adjusted 
for adipose tissue origin, sex, age, and BMI and it was concluded that the risk of 
T2D increased with exposure dose in a linear manner in non-obese subjects, but 
with an inverted U-shape dose response pattern in the obese. Of importance there 
was not a similar association between plasma p,p'-DDE content (127-267 ppb per g 
lipid wt in T2; >267 ppb in T3, further adding to the complexity of reported 
relationships between POPs exposures and risks for T2D. 
Impaired insulin secretion is reported to be an important part of T2D 
pathogenesis with POPs exposure in an elderly (70-74 years-of-age) population 
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(N=1131) living in the Faroe Islands who consume pilot whale meat and blubber and 
other traditional foods including seabirds high in OC insecticide and PCB content 
(100). The fasting plasma insulin concentration was found to decrease by 
approximately 7% for each doubling of plasma total PCB concentration in this group 
between 3.2 and 32 ppm (µg/g g lipid). Plasma PCB content ranged from 0.7 to 70 
ppm; GM (95% CI), 8.1 ppm (4.7-14), and plasma p,p’-DDE content (2.9 ppm (1.7-
5.5)) was approximately half of PCB content. The total PCB concentration was 
calculated by analysis for PCB-138, -153, -180 and multiplication by 2.25. A similar 
significant association between plasma p,p’-DDE content and decreasing plasma 
insulin was not found.  
Studies conducted with experimental animals demonstrated that lipophilic 
chemicals, which accumulate in fatty tissue, can disrupt cellular function and 
metabolic homeostasis. A causative association between chronic PCB exposure and 
obesity-induced insulin resistance and hyperinsulinemia, independent of body weight 
changes, was reported in diabetes-prone C57BL/6 mice treated with Arochlor 1254, 
a complex PCB mixture dominated by pentachloro- and hexachlorobiphenyls (146, 
147). Chronic treatment of C57BL/6 mice by oral gavage with Aroclor 1254 (36 
mg/kg/week for 20 weeks), which contains large amounts of both DL (PCBs 105, 
118 and 156) and NDL (PCBs 99, 138 and 153) congeners (148), either alone or in 
combination with a high-fat diet (HFD) was found to alter carbohydrate metabolism 
(146). More specifically, at an inguinal subcutaneous (sc) adipose tissue 
concentration for total PCBs of 27,353 ppb per g lipid in the lean animals and 
9,462.9 ppb in the HFD mice (assayed at week 20) hyperinsulinemia was observed 
in both lean and HFD obese mice, in the absence of marked weight change. Whole-
body insulin resistance occurred only in the obese mice. It is unfortunate that the 
serum concentrations of PCBs were not analyzed in this excellent study (146), which 
clearly showed pre-diabetic effects in response to treatment with relatively large 
doses of a combination of DL and NDL PCB congeners. In a similar study (147), DL 
PCB 77 (2.5, 50 or 248 mg/kg by oral gavage as 2 treatments over 2 weeks) or PCB 
126 (0.3, 1.6 or 3.3 mg/kg once by oral gavage) administration to lean C57BL/6 mice 
was found to increase blood glucose concentrations, in response to a glucose bolus 
dose, 48 h after the final PCB dose with the highest increase at 48 mg/kg for PCB 77 
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and at 1.6 mg/kg for PCB 126 (147). The highest dose in each case showed 
attenuation of the response, i.e. a reversed U-shape dose response curve. 
Moreover, the administration of DL-PCB 77 (50 mg/kg by oral gavage as two 
separate doses in weeks 1 and 2 to lean mice) resulted in impaired glucose and 
insulin tolerance. This effect was prevented by the administration of CH223191 (10 
mg/kg by daily gavage for 1 week prior to initiation of PCB 77 treatment), a ligand 
antagonist of the AHR selective for dioxin and DL-PCB congeners (75) proving that 
these effects are caused by the AHR-mediated signaling cascade (149). Under 
these treatment conditions the DL PCB 77 was able to initiate pre-diabetic 
responses in mice on its own in the absence of co-administration of NDL PCBs or 
OC insecticides and this response was prevented by a selective AHR antagonist. 
In agreement with others (150, 151), we found significantly higher 
concentrations of OC pesticides (p,p’-DDE,  HCB, mirex, trans-nonachlor and 
oxychlordane but not γ-HCH or p,p’-DDT; Table 5.2.4) and PCB congeners (PCB 
118, PCB 138, PCB 153, PCB 180, PCB 209 and ∑PCBs but not PCB 52; Table 
5.2.8) in serum of WIFN volunteers who self-reported Type 1 or T2D than in those 
who did not (Tables 5.2.4 and 5.2.8). However, some caution is required in 
interpretation of our study because of the absence of clinical diagnosis in many 
cases.  
In an important study in the Kitchenuhmaykoosib Inninuwug First Nation in 
the Sioux Lookout Zone of Northern Ontario, Philibert and his colleagues found that 
self-reported Type 1 and T2D were positively associated with blood concentrations 
of p,p’-DDE (0.97-13.1 ppb per g lipid; OR 3.56) and total PCB congeners (1.26-24.1 
ppm lipid; OR 5.5) (151). These authors also reported a significant inverse 
relationship between the intake of total POPs-containing fish (mean total fish intake 
= 4.64 fish meals/month; median 2.24) and the incidence of self-reported diabetes. 
Participants who were in the upper 50th percentile for frequency of trout and white 
fish intake had 6-fold and 4-fold, respectively, less self-reported diabetes suggesting 
either there is an attenuation of effect by inhibition of signaling at higher 
concentrations of environmental diabetogens; that other chemicals which are potent 
inhibitors of the effect are now present at high enough concentrations to be effective; 
or consumption of enough fish and its effective constituents can attenuate the 
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diabetogenic response.  
A similar prospective study of Great Lakes sport fish consumers reported a 
positive association between concentrations of p,p’-DDE and DL PCBs in plasma 
(geometric mean 3.01 ppb ww; 0.15 ppb,  respectively) and the incidence of 
diabetes but this positive association did not hold for total PCBs or the number of 
years of sport fish consumption (>1 fish meal per month) (89). Of significance, high 
consumers (mean = 21.2 g/day) of Great Lakes fish have higher PCB (and other 
POPs) body burdens and thus, would be at greater risk for T2D if the dose-response 
is linear (152). However, this seems dependent on where one is on the dose-
response relationship (22, 109), making risk assessment for T2D from complex 
environmental exposures very difficult if not impossible. If the molecular mechanisms 
for POPs-mediated T2D are the same or very similar in humans and mice or rats, 
expensive chronic dose-response studies in mice or rats with well characterized 
POPs mixtures that include DL and NDL PCB congeners, and in complementary 
studies which systematically exclude DL or NDL congeners seems an excellent but 
expensive way to resolve at least some of the complexity in interpretation of 
environmental exposure studies with humans and POPs, and enhanced risk for T2D.  
5.2.4.5 Other Health Effects 
A major concern about exposure to PCBs is they cross the placenta and can affect 
the developing fetus. Excretion in mother’s milk for breastfeeding neonates is also 
an issue (153-156). Exposures of perinatal and neonatal children to PCB may cause 
neurological damage (153). An important study found that for each 1 ng/g (ww) 
increase in PCB concentration in placental tissue, at 9 years-of-age the Full Scale IQ 
dropped by three points (p = 0.02) and Verbal IQ dropped by four points (p = 0.003). 
In this study the median PCB concentration in placenta was 1.50 ng/g, the lower 
quartile, 1.00 ng/g and the upper quartile, 2.06 ng/g (157). Caution must be 
exercised in drawing conclusions from this study however, because these 
associations were significant for prenatal exposure to several environmental other 
contaminants including methylmercury (15), p,p’-DDE, HCB, and lead. 
Prospective studies of consumers of Great Lakes fish (2-3 lake trout or 
salmon meals per month) showed positive associations between the amount of fish 
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consumed and neurodevelopmental toxicity at birth, and continuing later in life (158-
163) For example, behavioral effects in neonates whose mothers consumed Lake 
Ontario fish were examined with the Neonatal Behavioral Assessment Scale 
(NBAS). Newborns were sorted into 3 groups according to how much Great Lakes 
fish their mothers had consumed; newborns of women who had consumed > 40 
equivalent pounds of fish, high exposure group; < 40 equivalent pounds of fish, low 
exposure group; and newborn of mothers who did not consume fish served as 
controls. Newborn were assessed 12-24 h and 25-48 h after birth. Newborn in the 
high exposure group scored more poorly than the other two groups based on Reflex, 
Autonomic, and Habituation clusters of the NBAS (163). It is not known which 
specific PCB congeners act, or indeed if the PCBs act alone, as 
neurodevelopmental toxicants following environmental exposures in humans via fish 
consumption. Michigan fish eaters, 49 to 86 years-of-age ate > 24 lb (24.69 ± 19.95 
ppb PCBs per g lipid in serum of 14 males, 70 and older) of sport-caught Lake 
Michigan fish per year whereas non-fish eaters ate < 6 lb (5.66 ± 2.0 ppb PCBs in 
serum) of Lake Michigan fish per year (164). PCB, but not DDE (28.09 ± 37.4 ppb 
per g lipid in the same high fish consumer males vs 8.03 ± 6.4 ppb in age- and sex-
matched low fish consumers), exposure was associated with lower scores on the 
Weschler Memory Scale verbal delayed recall (p = 0.001), the semantic cluster ratio 
(p = 0.006), and list A, trial 1 (p = 0.037), from the California Verbal Learning Test, 
showing that high consumption of Great Lakes fish also has neurotoxicological 
effects in the elderly. Prenatal exposure to PCBs in consumers of Great Lakes fish 
has also been associated with reduced birth weight, head circumference and 
gestational age as well as body weight at 4 years of age (158).  
5.2.4.6 Traditional Food 
PCBs readily cycle between air, water and soil and are released into the atmosphere 
during incineration or combustion of municipal waste, coal and other refuse; by 
volatization from landfills containing leaking transformers as well as by from 
contaminated water bodies (125, 127).  Once in the air, PCBs travel long distances, 
with the smaller more volatile congeners traveling farthest; they eventually return to 
land by settling as dust or adsorbed to rain or snow particles. Thus, some of the 
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PCBs at WIFN arise from release into the air from industrial plants/wastes in Canada 
or the U.S. Another significant dietary source is from fish exposed to PCBs in 
contaminated water and consumed as traditional food (Table 5.2.9). In fact, sports 
fish are considered the main source of exposure to OC pesticides and PCBs in the 
Great Lakes Basin (122, 165). Of the species we sampled at WIFN, Walleye and 
Woodcock had the highest PCBs residue levels in muscle (Table 5.2.9). The fact 
that a predatory fish and a forest-based bird contained higher amounts of total PCB 
congeners than any other species analyzed illustrate the contamination of both 
aquatic and forest ecosystems at WIFN. Walleye, the traditional food with the 
highest concentration of POPs, eat minnows and small fish but they also feed on 
crawfish, bugs, leeches and snails in river and lake sediments (166). Woodcocks 
forage the soil for earthworms and other invertebrates. The biomagnification of 
POPs through accumulation from soil/plant to earthworm to bird (167) and from oak 
leaves to caterpillars to bird (168) at least partially explain the relatively high POPs 
levels in Woodcock breast muscle.  
Walpole Island contains approximately 17,000 acres of internationally 
recognized, world-class wetlands, the largest such area in the Great Lakes. This 
ecosystem is an excellent site for hunting and fishing (169), serving as important 
sources for traditional foods within the WIFN as well as an extremely important 
source of revenue for the community. In fact, this was at the centre of one of the 
most important commercial fisheries in the Great Lakes until it was closed in the 
1970’s due to the release of approximately 400 tonnes of mercury into the St. Clair 
River by two chlor-alkali plants in Chemical Valley (17), altering forever the quality of 
life of Walpole Island community members.  
In a previous study of Canadian upland birds, OC pesticide and PCB 
concentrations were measured in the breast muscle of Woodcock. The sum of DDT 
and its metabolites (p,p’-DDE and p,p’-DDD) in Woodcock captured at WIFN is 29-
fold higher  (0.116 ppm per g ww) than in this Canadian upland bird study (0.004 
ppm ww) (170). Similarly, the ∑32 PCBs in Woodcocks captured at WIFN (0.0316 
ppm ww) was 3.9-fold greater than in the earlier study (0.008 ppm ww).  Thus, if our 
samples are representative, Woodcocks from WIFN are a significant dietary source 
of POPs. In contrast, concentrations of the OC pesticide HCB (0.0233 ppb ww) we 
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analyzed in breast muscle of Mallards at WIFN are much lower than in a similar 
Canadian waterfowl study (7.14 ppb ww for non-migratory mallards and 4.82 ppb for 
migratory mallards, respectively) (171).  
The Government of Ontario’s Guide to Eating Ontario Sport Fish (28) has set 
limits of 0.105 ppm of total PCBs for consumption restrictions, complete restrictions 
of 0.211 ppm for sensitive populations and 0.844 ppm for the general population. 
One of the Walleye caught at WIFN surpassed the Government of Ontario level for 
consumption restrictions (0.177 ppm) for total PCBs. The FDA action level for 
combined p,p’- DDT, p,p’-DDE and p,p’-DDD is 5 ppm in fish (172); the FDA (172) 
and Great Lakes Fish Advisory Task Force (173) limits for the ‘do not eat’ category 
for PCBs (>1.9 ppm and 2.0 ppm of total PCBs, respectively); and the Ontario 
Ministry of the Environment (172) limits for mirex (0.082 ppm) are all at least 10-fold 
higher than in any fish analyzed from WIFN (Tables 5.2.5 and 5.2.9).  
5.2.5 Conclusion 
This study demonstrates that members of the WIFN community are exposed to 
POPs at levels that are in general, higher than those for a typical Canadian citizen 
(23). The fish samples caught at WIFN do not surpass restriction guidelines for 
consumption for combined DDT, p,p’-DDE and p,p’-DDD; mirex; or total PCBs. 
Levels of several POPs are associated with increased risk for T2D, a disease whose 
incidence is rapidly increasing in First Nation communities in Canada (174). This 
relationship requires extensive investigation both for pollutants that increase AHR-
dependent signaling (DL PCB congeners; dioxins) and those which do not (OC 
pesticides; NDL PCB congeners). We previously found increased hair cortisol, a 
marker of chronic stress, in WIFN volunteers compared to a reference group of 
Caucasian volunteers (175). This stress, in part, could be directly related to the fear 
this population has concerning potential adverse health effects from exposure to 
environmental contaminants although other socioeconomic issues undoubtedly also 
contribute. Understanding the real, local, and current links between diet and 
exposures to POPs and other contaminants, and the associations between these 
exposures and the disease burden in First Nations, particularly for T2D and its 
complications, will empower Band members to make dietary changes that can 
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benefit their health and reduce any stress caused by fear of exposure to 
environmental contaminants.  
5.3 Recommendations 
• Continued biomonitoring initiatives (particularly of mercury) should occur in 
order to:  
o Decrease body burdens of contaminants 
o Examine changes over space and time 
o To identify and focus on vulnerable sub-populations (e.g. women and 
children) 
o To contribute to the determination of mechanism and dose-response 
relationships with regards to health outcomes  
• Biomonitoring studies should collect data on socio-economic and socio-
cultural factors to determine how these contribute to body burdens 
• Clinical diagnosis of disease needs to be included where possible 
• Shift the population of exposure (instead of focusing on those with the most 
exposure) to lessen the disease burden  
• Develop local traditional food, particularly fish, consumption guidelines 
• Do speciation analyses of mercury and arsenic in whole blood  
• Investigate how both human and non-human actors (e.g. contaminants) act 
as active agents in the networks that comprise nature-cultures 
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6.0 STRESS AND EXPOSURE TO ENVIRONMENTAL CONTAMINANTS  
Chapter 6 describes the investigation of the relationship between chronic stress and 
exposure to environmental contaminants in all three communities: at WIFN vs. AttFN 
(section 6.1; manuscript 6), and in Naivasha, Kenya (section 6.2; manuscript 7). 
Recommendations are presented in section 6.3. 
6.1 Manuscript 6: Henley P, Tucker MJ, Koren G, Darnell R, Jahedmotlagh Z, 
Rieder MJ, Jacobs D, Johnson J, Williams NC, Williams RM, Hookimaw-Witt J, 
Witt N and Bend JR. Stress and Exposure to Environmental Contaminants in a 
Northern vs. Southern First Nation in Canada. 2014.  
6.1.1 Background 
Members of First Nations in Canada are often disproportionately exposed to 
environmental contaminants such as toxic metals and persistent organic pollutants 
(POPs) when compared to the general Canadian population (1). First Nations 
communities are bound to the environment through traditional foods, water and land, 
potentially increasing exposure to environmental contaminants (2-4). A majority of 
the literature on exposure to environmental contaminants in Aboriginal communities 
in Canada focuses on communities living in the far north due to their dependence 
upon consumption of predatory fish and remote geographical location which puts 
them more at risk for exposure to contaminants (5-12).  Due to fear of 
contamination, consumption of traditional foods has decreased in some First Nation 
communities despite the cultural, social, psychological, nutritional and economic 
well-being benefits they provide (2, 12-14).  
This extensive concern over the state of the environment and its potential 
adverse impact on human health is one of many factors that are contributing to 
chronic stress in First Nations communities ((15); Chapter 4, section 4.1). Other 
factors include the many disparities that exist between members of First Nations and 
the non-Aboriginal, Canadian population such as socio-economic disadvantages, a 
higher incidence of chronic diseases and cultural oppression. Measurement of 
cortisol in hair has recently been utilized as a validated biomarker of chronic stress 
(16). Cortisol is incorporated into the hair shaft, which grows on average 1 cm per 
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month and accordingly, long-term cortisol production can be documented 
retrospectively (17-21).  
This community-based, participatory study was designed to compare aspects 
of Ecosystem Health in two First Nations in Canada, Attawapiskat First Nation 
(AttFN), a remote reservation located at 52°55'34.0"N and 82°25'43.8"W in the far 
north on James Bay and Walpole Island First Nation (WIFN), surrounded by the St. 
Clair River and located at 42°34'11.2"N and 82°30'34.8"W in close proximity to other 
towns and cities, on the Canadian-U.S. border. Both communities have long, 
historical concerns over adverse health effects, particularly in children, of exposure 
to environmental contaminants. In order to investigate the differences in contaminant 
exposure and chronic stress between the two communities, we determined the body 
burdens of several common environmental contaminants as well as the levels of 
cortisol in hair. There is scientific merit in the comparison of the current exposures of 
volunteers from a northern, remote First Nation vs. a southern First Nation with 
many neighbouring communities, given the known effects of long-range atmospheric 
transport on the environmental distribution of contaminants (22). In addition, the 
rapid decline of the polar ice cap is releasing large concentrations of contaminants 
previously trapped in ice and snow so there is risk from increased local point 
sources of contaminants (22). Moreover, First Nation communities in the far north of 
Canada often face other unique challenges that could be contributing to chronic 
stress including extreme remoteness of the communities, very high costs for 
imported food and fuel, and lack of services. We set out to test the hypothesis that 
members of the AttFN located in the north have increased body burdens of 
persistent environmental contaminants as well as increased chronic stress, 
compared to members of the WIFN located in the more densely populated south.  
6.1.2 Methods 
6.1.2.1 Ethical Approval 
The research presented was approved by the Health Canada Research Ethics 
Board (REB-2009-0006), the Western Research Ethics Board (13752E) and 
resolutions from the Bkejwanong Territory Council of Three Fires (2140-08) and from 
the Attawapiskat Chief and Council (2009/10-294). All samples were obtained 
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following written informed consent and were coded immediately upon collection to 
ensure confidentiality. 
6.1.2.2 Subjects and Setting 
Members of the WIFN Health Centre and the WIFN Heritage Centre; the AttFN 
Health Centre; and the Ecosystem Health Research Team at the Schulich School of 
Medicine and Dentistry, Western University partnered to complete this investigation 
(23), which was supported by the Health Canada-Assembly of First Nations National 
First Nations Environmental Contaminants Program. The Western University 
Ecosystem Health Research Team has been continuously involved in community-
based participatory research (CBPR) at WIFN for more than 10 years and more 
recently at AttFN. CBPR is an emerging model to enhance the relevance of research 
by including community members in a collaborative, equitable partnership that is 
active in all phases of the research process (24). This study illustrates the guiding 
principles of CBPR including focusing on local, relevant public health concerns, 
engaging community partners in research- and decision-making processes and 
fostering co-learning and capacity building. The aim of CBPR is to increase 
knowledge and integrate it with interventions, policy and social change in order to 
improve the health and well-being of community members. 
WIFN, with an on-reserve population of 2,500 (2006 census) (25) is located 
on the St. Clair River downstream from Sarnia, Ontario, on the U.S. border. In 1969, 
Hg was discovered in the St. Clair River system, which resulted in the closure of 
commercial fishing activities for the decade of the 1970s, and thus contaminants, 
particularly Hg, are a chronic health concern of members at WIFN (26). AttFN is 
located approximately 260 km north of Moosonee, Ontario along the western coast 
of James Bay with an on-reserve population of 1,293 in 2001 (AttFN did not 
participate in 2006 census) (27). AttFN is a remote community with access in winter 
by air or winter road only, and by barge during the summer. Many members follow a 
traditional hunting and gathering lifestyle, on or near the Attawapiskat River. 
Members of the AttFN are concerned about the bioaccumulation of contaminants in 
traditional foodstuffs, the quality of their drinking water, and the potential for 
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enhanced pollution of their waterways, especially with Hg, due to the development of 
the Victor Diamond Mine approximately 90 km upstream of their homeland (23, 28). 
6.1.2.3 Hair, Whole Blood and Serum Collection 
Whole blood and hair samples were collected from volunteer members of the AttFN 
(N=50; 27 males and 23 females) using the same method for sample collection from 
volunteer members of the WIFN (N=57; 34 males and 23 females) previously 
presented ((15); Chapter 4, section 4.1.2.2 and (29); Chapter 5, section 5.1.2.5) 
Members of the Western Ecosystem Health team at the AttFN and WIFN Health 
Centres collected samples in September 2009 and May 2008, respectively. Four 
aliquots of whole blood were collected per participant and refrigerated at 5o C until 
analysis for metals at the Trace Elements Laboratory, London Health Sciences 
Centre (LHSC). Serum was prepared from each sample of blood, and frozen at (-80o 
C) until delivery to the Great Lakes Institute for Environmental Research (GLIER), 
University of Windsor, Canada where analysis for persistent organic pollutants 
(POPs) was conducted. Hair was collected for metal and cortisol analysis from the 
posterior vertex region as close to the scalp as possible, using scissors that were 
cleaned and disinfected with isopropyl alcohol. After collection, the sample was 
inserted into an envelope, ensuring that the hair was not bent and stored at room 
temperature in the dark until analysis. The first 4 cm of hair were routinely analyzed 
for toxic metal content at the Trace Elements Laboratory, LHSC and the subsequent 
cm was used for cortisol analysis in our research laboratory.  
6.1.2.4 Hair and Whole Blood Analysis for Toxic Metals 
Laboratory analysis for arsenic (As), antimony (Sb), cadmium (Cd), lead (Pb), 
mercury (Hg), nickel (Ni) and thallium (Tl) in blood, and Hg, As, Sb, aluminum (Al), 
barium (Ba), beryllium (Be), bismuth (Bi), Cd, Pb, Ni, palladium (Pd), platinum (Pt), 
silver (Ag), Tl, titanium (Ti) and uranium (U) in hair was accomplished by Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) using the same procedure as 
described in (29); Chapter 5, section 5.1.2.6. All analyses of volunteer hair or blood 
for toxic metals were performed at the Trace Elements Laboratory, LHSC.  
6.1.2.5 Serum Analysis for Persistent Organic Pollutants  
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The POPs selected for analysis in serum volunteers included: 1,2,4,5-
tetrachlorobenzene (1,2,4,5-TCB), 1,2,3,4-tetrachlorobenzene (1,2,3,4-TCB), 
pentachlorobenzene (QCB), hexachlorobenzene (HCB), α-, β- and γ- 
hexachlorocyclohexane (α-HCH, β-HCH and γ-HCH), octachlorostyrene (OCS), 
oxychlordane, trans-chlordane, cis-chlordane, trans-nonachlor, cis-nonachlor, 1,1-
bis- (4-chlorophenyl)-2,2-dichloroethylene (p,p’-DDE),  1-chloro-4-[2,2-dichloro-1-(4-
chlorophenyl)ethyl]benzene (p,p’-DDD), 1,1,1-trichloro-2,2-bis(4-
chlorophenyl)ethane (p,p’-DDT), mirex. In addition, PCBs were separated into 71 
congener peaks  (IUPAC#s 19, 18, 17, 24/27, 16/32, 26, 25, 31/28, 33/20, 22, 45, 
52, 49, 47/48, 44, 42, 64/41/71, 40, 74, 70/76, 66, 56/60, 95, 91, 92, 84, 101, 99, 97, 
87, 85, 110, 118, 105, 136, 151, 144/133, 149, 134, 146, 153/132, 141, 130, 137, 
138, 158, 128, 156, 157, 179, 176, 178, 187/182, 183, 185, 174, 177, 171, 172, 180, 
170/190, 202, 200, 199, 201, 196/203, 195, 194, 208, 207, 206).  Our analysis 
included 4 dioxin-like PCB (DL-PCB) congeners (PCB 105, PCB 118, PCB 156 and 
PCB 157) but excluded DL-PCBs 77, 81, 114, 123, 126, 167, 169 and 189. All other 
congeners analyzed are non-dioxin like (NDL) PCBs (30, 31). The procedure for 
POPs analysis in serum from volunteers from AttFN is the same as described in 
(32); Chapter 5, section 5.2.2.3. 
6.1.2.6 Hair Analysis for Cortisol 
Hair from AttFN and WIFN volunteers was analyzed for cortisol content using the 
enzyme immunoassay (ELISA) procedure described earlier (15); Chapter 4 section 
4.1.2.3. Hair samples (N=32) were also analyzed from healthy Caucasian volunteers 
living in and around London, Ontario, Canada as a reference population. 
6.1.2.7 Data Analysis 
Normality of the data was tested with the D’Agostino and Pearson omnibus normality 
test (33). Differences between results from WIFN and AttFN for toxic metals content 
in whole blood and hair and concentration of OC pesticides and PCBs in serum were 
evaluated for significance at P=0.05 using the Mann-Whitney U test as all of the data 
were non-parametric. Where possible, the geometric means of toxic metals in whole 
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blood and POPs concentrations in serum of WIFN and AttFN volunteers were 
compared to reference values for the general Canadian (Canadian Health Measures 
Survey; CHMS) (34) and U.S. populations (National Health and Nutrition 
Examination Survey; NHANES) (35). GraphPad Prism version 6.0 was used for all 
statistical analysis (GraphPad Software Inc. La Jolla, CA, USA). 
6.1.3 Results 
6.1.3.1 Toxic Metals 
Concentrations of toxic metals in hair and blood of WIFN volunteers were previously 
reported ((29); Chapter 5, section 5.1.3.3) and are presented here for comparison to 
the values found at AttFN. Whole blood concentrations (geometric mean ± 95% CI) 
of WIFN and AttFN volunteers are presented in Table 6.1.1. Median (range) Cd, Pb, 
and Tl blood levels were significantly higher at AttFN than at WIFN (Mann-Whitney U 
test; P<0.05). In contrast, median (range) Sb, As, Hg and Ni blood levels were 
significantly higher at WIFN than at AttFN (Mann-Whitney U test; P<0.05). Where 
applicable, geometric mean (95% C.I.) from representative samples of the U.S. and 
Canadian populations from the CHMS (2007-2009) and NHANES (2003-2004) 
databases are also presented in Table 6.1.1 as well as the percentile of these 
databases where the values from WIFN and AttFN fall. Table 6.1.2 presents the 
concentrations [median (range)] of toxic metals measured in hair of WIFN and AttFN 
volunteers. The median (range) concentrations of 12 toxic metals (Al, As, Bi, Cd, Pb, 
Ni, Pd, Pt, Ag, Tl and Ti) in hair were significantly higher (Mann-Whitney U test; P 
values in Table 6.1.2) in the volunteers at AttFN compared to those from WIFN. The 
median (range) concentrations of Sb, Ba and U in hair of WIFN volunteers are 
significantly higher (Mann-Whitney U test; P values in Table 6.1.2) than those in 
volunteers at AttFN.  
6.1.3.2 Persistent Organic Pollutants (POPs) 
Of the POPs analyzed 57 (17 OC pesticides and 40 PCB congeners) were found at 
concentrations above the level of detection (LOD) in serum samples of WIFN and 
AttFN volunteers (Table 6.1.3 and 6.1.5). Concentrations of POPs for WIFN 
volunteers ((32); Chapter 5, sections 5.2.3.1 and 5.2.3.2) were recently reported 
elsewhere and are presented here only for comparison to the values found at AttFN.  
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Heavy 
Metal/ 
Meta-
lloid 
AttFN 
ppb 
ng/mL 
(N=50) 
WIFN  
ppb 
ng/mL 
(N= 
56)1 
Diff-
erence 
bet-
ween 
AttFN 
and 
WIFN2 
NH-
ANES 
ppb; 
ng/mL
3 
CHMS 
ppb 
ng/mL4 
Percen-
tile 
AttFN 
vs. 
NHANES
; CHMS 
Percen-
tile WIFN 
vs. 
NHANES
; CHMS 
Anti-
mony 
0.036 
(0.031 
- 
0.041) 
1.09 
(0.66 - 
1.79)5 
P < 
0.0001 
NR6 NR NR; NR NR; NR 
Ars-
enic 
0.57 
(0.41 - 
0.80) 
1.26 
(1.0 - 
1.6) 
P = 
0.0001 
NR 0.89 
(0.74-
1.06) 
NR; 25th 
– 50th 
NR; 50th 
– 75th 
Cad-
mium 
1.15 
(0.94 - 
1.40) 
0.72 
(0.56 - 
0.93) 
P = 
0.0032 
0.32 
(0.29-
0.32) 
0.35 
(0.32-
0.38) 
90th – 
95th; 75th 
– 90th 
75th – 
90th; 50th 
– 75th 
Lead 27.5 
(20.9 - 
36.3) 
12.1 
(10.4 - 
13.9) 
P < 
0.0001 
14.3 
(13.6-
15) 
13.4 
(12.4-
14.4) 
75th – 
90th; 75th 
– 90th 
< 50th – < 
50th 
Mer-
cury 
1.35 
(1.0-
1.82) 
3.03 
(2.41-
3.81) 
P < 
0.0001 
0.742 
(0.654
-0.84) 
0.69 
(0.56-
0.86) 
50th – 
75th; 50th 
– 75th 
75th – 
90th; 75th 
– 90th 
Nickel 384 
(298 - 
495) 
842 
(710 - 
998) 
P < 
0.0001 
NR 0.62(0.55
-0.68) 
NR; >95th NR; >95th 
Tha-
llium 
0.033 
(0.031 
- 
0.036) 
0.024 
(0.022 
- 
0.026) 
P < 
0.0001 
NR NR NR; NR NR; NR 
1 From Henley P, et al. Exposure to Toxic Metals and Ecosystem Health at a First 
Nation in Canada: A Baseline Biomonitoring Study. 2014 (29) 
2  Mann-Whitney U test 
3 Centers for Disease Control and Prevention (CDC). Fourth National Report on 
Human Exposure to Environmental Contaminants. Atlanta, GA; CDC: 2009 (35) 
4 Health Canada. Report on Human Biomonitoring of Environmental Chemicals in 
Canada. Ottawa, ON; Health Canada: 2010 (34) 
5 Larger values are in italics 
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6 Not Reported  
 
Table 6.1.1 Geometric mean (G.M.) and 95% C.I. concentration of selected toxic 
metals in whole blood (ppb; ng/mL) of Walpole Island First Nation volunteers (N=56), 
Attawapiskat First Nation volunteers (N=50), National Health and Nutrition 
Examination Survey and Canadian Health Measures Survey databases as well as 
the percentile into which WIFN and AttFN data fall in each database  
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Toxic Metal/ 
Metalloid 
AttFN 
ppb 
ng/g hair 
WIFN 
ppb 
ng/g hair1 
Difference 
between 
WIFN and 
AttFN3 
Aluminum 12,200 (9,300)2 2,800 (1,600) P < 0.0001 
Antimony 43 (88.8) 11 (15) P < 0.0001 
Arsenic 58.5 (64.3) 14.0 (21) P < 0.0001 
Barium 300 (300) 700 (1,000) P = 0.0061 
Beryllium 0.6 (0.53) 0.8 (0.6) P = 0.749 
Bismuth 8.0 (8.5) 4.0 (6.0) P < 0.0001 
Cadmium 49.5 (112) 20 (32) P < 0.0001 
Lead 790 (1,005) 300 (530) P = 0.0002 
Mercury 180 (305) 230 (270) P = 0.363 
Nickel 375 (438) 160 (150) P < 0.0001 
Palladium 5.0 (2.0) 4.0 (4.0) P = 0.0125 
Platinum 0.95 (2.8) 0.4 (0.5) P < 0.0001 
Silver 41 (79) 19 (33) P = 0.0003 
Thallium 0.5 (0.525) 0.3 (0.4) P=0.0247 
Titanium 450 (425) 100 (105) P<0.0001 
Uranium 1.0 (1.25) 11 (26) P<0.0001 
1  From Henley P, et al. Exposure to toxic metals and ecosystem health at a First 
Nation in Canada: A baseline biomonitoring study. 2014 (29) 
2 Higher values are shown in italics  
3 Mann-Whitney U test 
 
Table 6.1.2 Median (interquartile range; IQR) concentration of toxic metals (ppb; 
ng/g) in hair of Walpole Island First Nation volunteers (N=56) and Attawapiskat First 
Nation volunteers (N=50)
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  25th 
percentile 
ppb 
ng/g lipid 
wt. 
50th 
percentile 
ppb 
ng/g lipid 
wt. 
75th 
percentile 
ppb 
ng/g lipid 
wt. 
Min. 
ppb 
ng/g 
lipid 
wt. 
Max. 
ppb 
ng/g 
lipid 
wt. 
Difference 
between 
AttFN and 
WIFN1 
1245-TCB AttFN 
WIFN 
1.43 
1.02 
1.662 
1.16 
2.02 
1.32 
0.83 
0.61 
65 
1.84 
P<0.0001 
1234-TCB 
 
AttFN 
WIFN 
1.14 
0.743 
11.6 
0.9 
61.7 
1.28 
0.77 
0.21 
213 
67.7 
P<0.0001 
QCB 
 
AttFN 
WIFN 
4.65 
4.02 
5.63 
5 
10 
5.92 
3.06 
2.35 
26.8 
21.3 
P=0.0041 
HCB 
 
AttFN 
WIFN 
15.6 
11.2 
23.8 
16.7 
57.6 
25.1 
7.27 
4.9 
208 
53.6 
P=0.0004 
OCS 
 
AttFN 
WIFN 
0.438 
0.33 
0.49 
0.365 
0.593 
0.438 
0.26 
0.22 
1.14 
12.7 
P<0.0001 
trans-
nonachlor 
AttFN 
WIFN 
12.9 
12 
22.5 
20.2 
51.8 
31.1 
4.1 
3.76 
199 
91.9 
P=0.219 
p,p'-DDE 
 
AttFN 
WIFN 
102 
107 
259 
228 
630 
672 
36.8 
38 
3721 
3325 
P=0.737 
Mirex 
 
AttFN 
WIFN 
10.7 
5.36 
19 
6.82 
78.6 
9.94 
2.25 
0.63 
322 
37.3 
P<0.0001 
α-BHC 
 
AttFN 
WIFN 
0.38 
0.273 
0.44 
0.31 
0.515 
0.35 
0.22 
0.16 
3.54 
0.49 
P<0.0001 
β-BHC 
 
AttFN 
WIFN 
13.2 
6.63 
18.2 
9.08 
26.3 
14.7 
1.22 
0.47 
56.9 
41.8 
P<0.0001 
γ-BHC 
 
AttFN 
WIFN 
0.428 
0.320 
0.475 
0.355 
0.57 
0.463 
0.25 
0.18 
27.1 
66.7 
P<0.0001 
oxychlordane 
 
AttFN 
WIFN 
7.46 
7.06 
12.2 
13.4 
22 
21.4 
2.84 
0.47 
107 
41.8 
P=0.969 
trans-
chlordane 
AttFN 
WIFN 
0.508 
0.38 
0.585 
0.42 
0.71 
0.48 
0.3 
0.22 
10 
4.72 
P<0.0001 
cis-chlordane 
 
AttFN 
WIFN 
0.525 
0.375 
0.58 
0.425 
0.7 
0.495 
0.3 
0.22 
1.35 
36.1 
P<0.0001 
p,p'-DDD 
 
AttFN 
WIFN 
0.675 
0.5 
0.79 
0.56 
1.07 
0.64 
0.4 
0.29 
11.6 
5.68 
P<0.0001 
cis-nonachlor 
 
AttFN 
WIFN 
4.67 
0.61 
6.94 
4.69 
14 
8.01 
0.46 
0.21 
54.2 
24.4 
P=0.0008 
p,p'-DDT 
 
AttFN 
WIFN 
9.92 
0.6 
12.1 
6.85 
16 
11.6 
6.59 
0.32 
40 
22.2 
P<0.0001 
1Mann-Whitney U test between median concentrations (ppb; ng/g lipid wt) 
2 Higher values are shown in italics 
Table 6.1.3 Quartile concentrations of organochlorine pesticides (ppb; ng/g lipid wt) 
in serum of Walpole Island First Nation volunteers (N=56) and Attawapiskat First 
Nation volunteers (N=50)
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1 From Henley P, et al. Exposure to persistent organic pollutants in a First Nation in 
Canada: Implications for increased risk of type 2 diabetes. 2014 (32) 
2  Centers for Disease Control and Prevention (CDC). Fourth National Report on 
Human Exposure to Environmental Contaminants. Atlanta, GA; CDC: 2009 (35) 
3 Health Canada. Report on Human Biomonitoring of Environmental Chemicals in 
Canada. Ottawa, ON; Health Canada: 2010 (34) 
4 Not reported 
5 Less than the level of detection 
 
Table 6.1.4 Geometric mean (G.M.) and 95% CI concentration of selected 
organochlorine pesticides in serum (ppb; ng/g lipid wt) of Walpole Island First Nation 
volunteers (N=56) and Attawapiskat First Nation volunteers (N=50), Canadian 
Health Measures Survey and National Health and Nutrition Examination Survey 
databases as well as the percentile into which WIFN and AttFN data fall in each 
case 
Organo-
chlorine 
AttFN 
ppb 
ng/g lipid 
wt. 
(N=50) 
Percentile 
AttFN 
vs. 
NHANES; 
CHMS 
WIFN 
ppb 
ng/g lipid 
wt. 
(N=56)1 
Percentile 
WIFN 
vs. 
NHANES; 
CHMS 
NHANES2 
ppb 
ng/g lipid 
wt. 
 
CHMS3 
ppb 
ng/g lipid 
wt. 
p,p’-DDE 276 
(194-392) 
50th; 75th 245 
(185-323) 
50th; 75th 238 
(195-292) 
152 
(127-182) 
HCB 29.7 
(23.4-37.7) 
>95th; >95th 16.6 
(14.5-18.9) 
50th – 75th; 
75th – 90th 
15.2 
(14.5-15.9) 
9.09 
(8.02-10.3) 
Mirex 28.9 
(20.3-41.1) 
95th 7.68 
(6.76-8.72) 
<90th NR4 < LOD5 
trans-
nonachlor 
25.4 
(19.6-33.0) 
50th – 75th; 
>95th 
19.8 
(16.3-24.1) 
50th – 75th; 
>95th 
14.7 
(13.1-16.5) 
5.98 
(5.29-6.77) 
β-BHC 18.9 
(16.7-21.2) 
75th – 95th; 
>95th 
11.8 
(10.2-13.6) 
<75th; >95th <LOD 6.39 
(4.77-8.57) 
p,p’-DDT 13 
(11.4-14.7) 
90th 9.4 
(8.2-10.8) 
<90th NR < LOD 
oxy-
chlordane 
12.5 
(10-15.7) 
50th -75th; 
90th – 95th 
12.3 
(10.1-14.9) 
50th -75th; 
90th – 95th 
9.37 
(8.69-10.1) 
4.21 
(3.8-4.67) 
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 25th 
percentile 
(ng/g lipid 
wt; ppb) 
50th 
percentile 
(ng/g lipid 
wt; ppb) 
75th 
percentile 
(ng/g lipid 
wt; ppb) 
Min. 
(ng/g 
lipid wt; 
ppb) 
Max. 
(ng/g 
lipid wt; 
ppb) 
Difference 
between 
AttFN and 
WIFN1 
PCB 17/18 
AttFN 
WIFN 
3.73 
2.68 
4.16 
3.04 
5 
3.53 
2.18 
1.59 
9.64 
21.8 
P<0.0001 
PCB 28/31 
AttFN 
WIFN 
1.54 
1.16 
1.85 
1.42 
3.18 
8.26 
0.89 
0.65 
33.4 
25 
P=0.0207 
PCB 33 
 
AttFN 
WIFN 
2.20 
1.58 
2.45 
1.78 
2.97 
2.04 
1.28 
0.93 
20.3 
2.84 
P<0.0001 
PCB 52 
 
AttFN 
WIFN 
16.3 
10.7 
24.3 
14.2 
46.7 
20.8 
9.57 
5.44 
165 
40.6 
P<0.0001 
PCB 49 
 
AttFN 
WIFN 
2.14 
1.54 
2.38 
1.76 
2.89 
2.03 
1.25 
0.91 
11.3 
16.4 
P<0.0001 
PCB 44 
 
AttFN 
WIFN 
1.91 
1.33 
2.33 
1.48 
4.89 
1.71 
1.05 
0.77 
27.6 
8.52 
P<0.0001 
PCB 74 
 
AttFN 
WIFN 
1.41 
1.04 
1.62 
1.19 
1.91 
1.46 
0.82 
0.6 
8.48 
24.5 
P<0.0001 
PCB 70 
 
AttFN 
WIFN 
1.57 
1.13 
1.84 
1.29 
2.19 
1.46 
0.92 
0.67 
20.5 
2.04 
P<0.0001 
PCB 95 
 
AttFN 
WIFN 
10 
1.65 
14 
6.97 
19.1 
9.94 
4.35 
0.83 
51 
20.3 
P<0.0001 
PCB 101 
 
AttFN 
WIFN 
2.29 
1.28 
7.26 
1.88 
11.4 
8.98 
0.97 
0.71 
31.4 
16.2 
P=0.0005 
PCB 99 
 
AttFN 
WIFN 
7.21 
6.89 
10.6 
11.4 
21.1 
16.5 
1.67 
1.08 
78.2 
36.9 
P=0.761 
PCB 87 
 
AttFN 
WIFN 
1.01 
0.728 
1.13 
0.825 
1.36 
0.94 
0.59 
0.43 
8.57 
1.31 
P<0.0001 
PCB 110 
 
AttFN 
WIFN 
1.33 
0.933 
3.8 
4.54 
8.52 
6.72 
0.67 
0.57 
15.7 
17.6 
P=0.178 
PCB 
82/151 
AttFN 
WIFN 
0.99 
0.73 
1.14 
0.81 
1.33 
0.935 
0.58 
0.42 
7.83 
4.26 
P<0.0001 
PCB 149 
 
AttFN 
WIFN 
1.54 
1.14 
1.8 
1.29 
2.36 
1.58 
0.9 
0.66 
279 
8 
P<0.0001 
PCB 118 
 
AttFN 
WIFN 
8.02 
6.44 
10.1 
11.1 
18.1 
23.9 
5.61 
0.74 
227 
48.1 
P=0.711 
PCB 153 
 
AttFN 
WIFN 
17.5 
26.3 
37.2 
38.9 
182 
76.3 
4.31 
7.25 
887 
233 
P=0.714 
PCB 
105/132 
AttFN 
WIFN 
1.36 
0.815 
5.89 
1 
12.7 
5.75 
0.63 
0.53 
47.3 
14.1 
P<0.0001 
PCB 138 
 
AttFN 
WIFN 
13.8 
18.1 
25.8 
31.1 
96.7 
61 
6.41 
6.12 
559 
174 
P=0.996 
PCB 158 
 
AttFN 
WIFN 
0.705 
0.52 
0.79 
0.58 
0.95 
0.688 
0.41 
0.3 
1.84 
5.14 
P<0.0001 
PCB 187 AttFN 7.22 13.5 75.2 4.19 303 P=0.164 
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 WIFN 6.63 14.3 24.3 0.57 95 
PCB 183 
 
AttFN 
WIFN 
4.19 
4.54 
6.08 
5.87 
11.2 
9.37 
0.71 
0.5 
50.6 
22.3 
P=0.674 
PCB 128 
 
AttFN 
WIFN 
1.09 
0.58 
4.86 
0.74 
9.19 
3.86 
0.67 
0.34 
32.9 
6.97 
P<0.0001 
PCB 177 
 
AttFN 
WIFN 
5.11 
4.13 
7.28 
5.78 
13.7 
9.83 
0.91 
0.35 
52.3 
18.8 
P=0.0091 
PCB 
156/171 
AttFN 
WIFN 
4.73 
0.503 
7.45 
7.4 
24.8 
7.4 
0.67 
0.3 
115 
24.4 
P<0.0001 
PCB 180 
 
AttFN 
WIFN 
8.51 
16.2 
31.9 
63.5 
170 
63.5 
4.29 
2.36 
867 
172 
P=0.489 
PCB 191 
 
AttFN 
WIFN 
0.59 
0.43 
0.68 
0.49 
0.89 
0.658 
0.34 
0.25 
11.3 
4.29 
P<0.0001 
PCB 170 
 
AttFN 
WIFN 
6.89 
6 
13.7 
9.65 
49.4 
0.42 
0.71 
0.49 
230 
44 
P=0.0531 
PCB 201 
 
AttFN 
WIFN 
6.64 
4.21 
9.28 
8.31 
40.8 
17.8 
3.61 
0.43 
284 
36 
P=0.011 
PCB 
195/208 
AttFN 
WIFN 
1.14 
0.795 
4.86 
3.93 
10 
14.2 
0.73 
0.51 
80.3 
80.8 
P=0.0184 
PCB 194 
 
AttFN 
WIFN 
5.26 
4.68 
8.67 
9.3 
23.9 
14.9 
2.94 
0.41 
131 
30 
P=0.139 
PCB 205 
 
AttFN 
WIFN 
0.685 
0.495 
0.765 
0.555 
0.928 
0.64 
0.40 
0.29 
5.16 
0.89 
P<0.0001 
PCB 206 
 
AttFN 
WIFN 
5.14 
3.62 
6.79 
6.18 
19 
9.87 
0.76 
0.52 
132 
26.8 
P=0.0214 
PCB 209 
 
AttFN 
WIFN 
5.11 
4.06 
7.78 
5.47 
14.8 
8.38 
0.7 
0.63 
107 
16.5 
P=0.0243 
1 Mann-Whitney U test 
Table 6.1.5 Quartile concentrations of polychlorinated biphenyl congeners (PCBs) 
(ppb; ng/g lipid wt) in serum from Walpole Island First Nation (N=56) and 
Attawapiskat First Nation volunteers (N=50) 
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PCB 17 could not be separated from PCB 18 as these PCB congeners co-eluted 
from the glc column, so their combined concentration is reported. The same 
approach was used for PCBs 28 and 31, 82 and 151,32 and 105, 156 and 171, and 
195 and 208.  
6.1.3.2.1 Organochlorine (OC) Pesticides 
Table 6.1.4 presents the geometric mean (95% C.I.) concentrations of OC pesticides 
in serum, in ppb expressed per g lipid weight, of WIFN and AttFN volunteers. Only 4 
of the OC pesticides, QCB, HCB, trans-nonachlor and p,p’-DDE were detected in all 
56 participants at WIFN whereas these same 4 pesticides plus mirex, oxychlordane 
and p,p’-DDT were found in all 50 participants at AttFN. In order to include all 
individuals from WIFN and AttFN in the analysis, a value of 50% of the minimum 
LOD was used to represent the POP residues in those individuals falling below the 
LOD. Median (range) concentrations of all of the OC pesticides assayed except for 
p,p’-DDE, oxychlordane and trans-nonachlor occurred at significantly higher 
concentrations in blood of AttFN volunteers compared to those at WIFN (Mann-
Whitney U Test, P values in Table 6.1.3). The greatest difference was for the OC 
pesticides 1,2,3,4-TCB and mirex, present at concentrations  5.9- and 4.3- fold 
higher levels in volunteers from AttFN.  The OC values at WIFN and AttFN are also 
compared to representative values of the general Canadian (28) and U.S. (29) 
populations (CHMS and NHANES, respectively) in Table 6.1.4.  
6.1.3.2.2 Polychlorinated Biphenyls (PCBs) 
Table 6.1.5 presents the geometric mean (95% C.I.) concentrations of PCB 
congener residues in serum at WIFN and AttFN. The values found at WIFN and 
AttFN are compared to representative values of the general Canadian (34) and 
American populations (35) in Table 6.1.6. Median (range) concentrations of 24 of 34 
of the PCB congeners were found at significantly higher levels in serum of AttFN 
volunteers (Table 6.1.5); some congeners were found at much higher levels at 
AttFN, including PCBs 128, 105/132 and 101, (6.6-, 5.9- and 3.9- fold, respectively). 
For each PCB congener where a comparison can be made, values at both WIFN 
and AttFN are higher than those reported for average citizens (low fish diet) by 
CHMS and NHANES  (see Table 6.1.6).
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PCB 
Congener 
AttFN 
G.M. 
(95% 
C.I.) 
ppb 
Percentile 
AttFN 
vs. 
NHANES; 
CHMS 
WIFN 
G.M. 
(95% 
C.I.) 
ppb1 
Percentile 
WIFN 
vs. 
NHANES; 
CHMS 
NHANES 
G.M. 
(95% CI) 
ppb2 
CHMS 
G.M. 
(95% CI) 
ppb3 
PCB 153 53.2 
(35.4-
79.9) 
75th – 90th; 
75th – 90th 
41.7 
(33-
52.7) 
50th – 75th; 
75th – 90th 
19.8 
(18.8-
20.9) 
18.3 
(15.8-
21.2) 
PCB 180 41 
(26.1-
64.4) 
75th  -90th; 
75th – 90th 
30.1 
(23.1-
39.2) 
50th – 75th; 
50th – 75th 
15.1 
(14.5-
15.7) 
15.2 
(13.5-
17.1) 
PCB 138 38 
(26.4-
54.9) 
NR4; 90th 
– 95th 
32.3 
(25.9-
40.2) 
NR; 75th – 
90th 
NR 10.1 
(8.92-
11.5) 
PCB 52 28.1 
(23.2-
34) 
>95th; 
>95th 
14.8 
(13.2-
16.6) 
>95th; 
>95th 
2.66 
(2.43-
2.91) 
< LOD5 
PCB 187 21.9 
(15.2-
31.5) 
90th – 95th; 
>95th 
12 
(8.64-
16.6) 
75th – 90th; 
75th – 90th 
4.23 
(3.96-4.5) 
2.91 
(2.59-
3.29) 
PCB 170 17.3 
(12-
24.9) 
75th – 90th; 
90th – 95th 
10 
(8.04-
12.5) 
50th – 75th; 
75th – 90th 
5.46 
(5.22-
5.71) 
4.60 
(4.09-
5.17) 
PCB 118 14.6 
(11.2-
19.1) 
75th – 90th 
; 90th – 
95th 
11.5 
(9.02-
14.6) 
75th – 90th; 
75th – 90th 
6.0 (5.54-
6.5) 
4.43 
(3.78-
5.20) 
PCB 194 12.9 
(9.36-
17.9) 
75th – 90th; 
90th – 95th 
4.95 
(3.87-
6.33) 
50th – 75th; 
50th – 75th 
2.69 
(2.53-
2.85) 
2.91 
(2.59-
3.29) 
PCB 99 11.5 
(9.24-
14.3) 
75th – 90th; 
>95th 
10.6 
(8.75-
12.7) 
75th – 90th; 
90th – 95th 
4.16 
(3.82-
4.54) 
< LOD 
PCB 206 10.3 
(7.54-
14) 
90th – 95th; 
>95th 
5.69 
(4.64-
6.97) 
75th – 90th; 
>95th 
2.13 
(1.97-
2.31) 
< LOD 
PCB 177 7.81 
(6.15-
9.93) 
> 95th; NR 5.39 
(4.32-
6.72) 
90th – 95th; 
NR 
1.13 
(1.07-1.2) 
NR 
PCB 209 7.47 
(5.16-
10.8) 
75th – 90th; 
NR 
5.62 
(4.73-
6.67) 
75th – 90th; 
NR 
1.40 
(1.21-
1.61) 
NR 
PCB 183 6.42 
(4.85-
8.51) 
90th – 95th; 
90th – 95th 
5.74 
(4.6-
7.18) 
75th – 90th; 
90th – 95th 
1.45 
(1.38-
1.54) 
< LOD 
PCB 101 5.56 90th – 95th; 3.06 75th – 90th; 1.65 < LOD 
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(4.29-
7.21) 
> 95th (2.35-
3.99) 
>95th (0.00151-
0.00181) 
PCB 110 3.32 
(2.53-
4.37) 
75th – 90th; 
NR 
2.91 
(2.2-
3.84) 
75th – 90th; 
NR 
1.22 
(1.11-
1.33) 
NR 
PCB 44 3.14 
(2.51-
3.92) 
75th – 90th; 
NR 
1.55 
(1.4-
1.72) 
< 50th; NR 2.06 
(1.93-
2.19) 
NR 
PCB 49 2.53 
(2.29-
2.8) 
75th – 90th; 
NR 
1.86 
(1.64-
2.11) 
50th – 75th; 
NR 
1.29 (1.2-
1.39) 
NR 
PCB 149 2.27 
(1.76-
2.94) 
>95th; NR 1.53 
(1.31-
1.8) 
90th – 95th; 
NR 
0.598 
(0.556-
0.642) 
NR 
PCB 74 1.68 
(1.51-
1.85) 
< 50th; 
<50th 
1.58 
(1.24-
2.02) 
< 50th; 
<50th 
4.81 
(4.63-
4.99) 
< LOD 
1 From Henley P, et al. Exposure to persistent organic pollutants in a First Nation in 
Canada: Implications for increased risk of type 2 diabetes (32) 
2 Centers for Disease Control and Prevention (CDC). Fourth National Report on 
Human Exposure to Environmental Contaminants. Atlanta, GA; CDC: 2009 (35) 
3 Health Canada. Report on Human Biomonitoring of Environmental Chemicals in 
Canada. Ottawa, ON; Health Canada: 2010 (34) 
4 Not reported 
5  Less than the level of detection 
 
Table 6.1.6 Geometric mean (G.M.) concentration and 95% CI for selected 
polychlorinated biphenyl congeners in serum (ppb; ng/g lipid wt) of Walpole Island 
First Nation volunteers (N=56), Attawapiskat First Nation volunteers (N=50), National 
Health and Nutrition Examination Survey and Canadian Health Measures Survey 
databases as well as percentile into which AttFN and WIFN data fall in each case 
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6.1.3.3 Hair Cortisol 
Concentrations of cortisol in hair of WIFN volunteers were previously reported (27; 
Chapter 4, section 4.1) and are repeated here for comparison to values found at 
AttFN. Median (range) cortisol concentrations in hair from AttFN volunteers of 281 
(552) ng/g hair (N=46) were significantly higher than those in WIFN volunteers of 
165 (320) ng/g hair (N=40) (Mann-Whitney U test; P<0.0001). Of special note, both 
sets of values were significantly higher than for a reference group of healthy 
Caucasians (Kruskal-Wallis test; P<0.0001), living in and around London, Ontario, 
who had median (range) hair cortisol concentrations of 120 (178) ng/g hair (N=32).  
6.1.3.4 Sex Differences 
With the exception of cis-nonachlor at WIFN, there were no sex differences in the 
serum concentrations of the OC pesticides analyzed at either WIFN or AttFN. For 
cis-nonachlor residues in serum, values for WIFN males were significantly higher 
than WIFN females (P<0.05). With the exception of PCB 183, where the 
concentration in serum from males at WIFN is higher than in females (P<0.05), there 
were no sex differences for  PCB congeners.  
Hair levels of Sb, As and Pb were significantly higher in males at WIFN, 
whereas hair levels of As, Cd, Pb were significantly higher in males at AttFN 
(P<0.05). Hair levels of Ba, Be and Pd were significantly higher in females at WIFN 
(P<0.05). 
Males at WIFN had significantly higher hair cortisol content than females 
(P<0.05), whereas there was no difference in hair cortisol content between sexes at 
AttFN. 
6.1.4 Discussion 
Members of both the WIFN and AttFN are very concerned about possible 
detrimental health effects arising from exposure to environmental contaminants, 
particularly in traditional foods. Current knowledge of exposure patterns and residue 
levels for environmental contaminants, especially in situations such as the large 
release of Hg into the St. Clair River (400 tonnes) from 2 long closed chlor-alkali 
plants (26) that has so dramatically altered the lifestyle and prosperity of members of 
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the WIFN (36, 37); and for the potential environmental contamination that may occur 
at AttFN as a result of a fully-operational Victor Diamond Mine (28).  Due to their 
ubiquity, persistence in the environment, in humans and in foodstuffs, the 
environmental toxicology of toxic metals and POPs is of great concern, particularly in 
vulnerable subpopulations. Our results indicate that members of AttFN, located in 
the remote north where deposition of environmental toxins by long range 
atmospheric transport (22, 38) has occurred over long periods of time, in addition to 
release from significant point sources of PCBs as a result of construction and 
operation of the Distant Early Warning (DEW) line (39), have higher environmental 
contaminant exposures, and are thus at greater risk for some adverse health effects.  
The mean (SD) of select OC pesticides and POPs at WIFN and AttFN are 
compared to a study by Tsuji et al. (40) where body burdens of POPs by sex were 
compared between 3 communities located in Ontario: Kashechewan First Nation 
(west coast of James Bay, 88 km south of AttFN), Fort Albany First Nation (west 
coast of James Bay, 95 km south of AttFN), and Hamilton, ON (239 km west of 
Sarnia) (Table 6.1.7 and 6.1.8). Both AttFN female and male populations have 
significantly higher mean concentrations of HCB when compared to the female and 
male populations at Fort Albany and Hamilton (ANOVA, P<0.05). Concentrations of 
trans-nonachlor are significantly higher in AttFN females when compared to Fort 
Albany and Hamilton females and in AttFN males when compared to Hamilton males 
(ANOVA, p<0.05). AttFN female volunteers have significantly higher mean 
concentrations of PCB 118 compared to the Hamilton females and males and Fort 
Albany males in the Tsuji et al. (2006) study (ANOVA, P<0.05). The higher OC 
pesticide contamination in the three northern First Nations (i.e. AttFN, Fort Albany 
First Nation and Kashechewan First Nation) communities compared to WIFN 
reinforces the idea that it may be due both to local point sources and long-range 
atmospheric transport from regions where these chemicals were previously used in 
agriculture in high quantities. The fact that AttFN serum samples collected in 2008 
tend to have higher concentrations of several PCBs in serum than in populations in 
the 2005 study demonstrates these values may be increasing over time, rather than 
decreasing as is occurring in southern Ontario. This could be related to the release 
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1 Tsuji et al. (2006) (40) 
 
Table 6.1.7 OC pesticide concentrations, expressed as mean (SD) in blood samples 
of various populations 
 
 
 
 
 
 
 
 N p,p’-
DDE  
(ng/g 
lipid) 
p,p’-
DDT 
(ng/g 
lipid) 
HCB     
(ng/g 
lipid) 
oxychlordane 
(ng/g lipid) 
trans-
nonachlor 
(ng/g lipid) 
WIFN        
females 
23 561        
(745) 
7.11     
(5.51) 
18.5 
(9.58) 
13.3        
(8.49) 
21.5              
(11.8) 
WIFN          
males 
33 321        
(276) 
6.51       
(6) 
18.7 
(9.41) 
16.1        
(11.9) 
28.1               
(22.2) 
AttFN       
females 
24 687        
(980) 
14.2     
(6.63) 
43.92 
(3.98) 
18.9        
(21.9) 
38.42              
(36.6) 
AttFN          
males 
26 486       
(624) 
14.6     
(8.68) 
41.82 
(43.6) 
17.5        
(20.9) 
38.62              
(42.2) 
Fort Albany1 
females 
48 475       
(474) 
14.6     
(12.5) 
25.8 
(21.3) 
14.8        
(11.3) 
19.3              
(17.9) 
Fort Albany1 
males 
51 413       
(377) 
12.3       
(8.9) 
23.9  
(14.0) 
16.2         
(11.0) 
21.8               
(16.4) 
Kashechewan1 
females 
48 550       
(676) 
10.4       
(6.9) 
28.6 
(20.7) 
15.6        
(13.7) 
21.9              
(17.9) 
Kashechewan1 
males 
50 509        
(409) 
8.8          
(7.4) 
29.5  
(15.1) 
20.2        
(13.8) 
28.4              
(18.6) 
Hamilton1 
females 
27 246       
(370) 
9.1         
(9.2) 
17.1 
(22.5) 
7.6             
(3.7) 
10.1                 
(4.6) 
Hamilton1     
males 
25 245       
(370) 
8.8         
(8.8) 
11.5     
(4.8) 
7.9             
(4.5) 
12.4                 
(7.6) 
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 N PCB 
118 
(ng/g 
lipid) 
PCB 
138 
(ng/g 
lipid) 
PCB 
153 
(ng/g 
lipid) 
PCB 
170 
(ng/g 
lipid) 
PCB 
180 
(ng/g 
lipid) 
PCB 
187  
(ng/g 
lipid) 
WIFN females 23 16.2 
(11.6) 
36.8 
(24.8) 
47.7 
(35) 
11.5  
(6.91) 
36.5  
(28.2) 
13.6      
(8.46) 
WIFN males 33 13.6  
(9.51) 
50.3 
(46.6) 
67.4 
(59.3) 
14.6   
(12) 
51.6  
(46.6) 
25.0      
(24) 
AttFN females 24 38.52  
(58.7) 
101 
(145) 
147 
(218) 
35.6   
(49.3) 
119 
(182) 
48.2      
(69.8) 
AttFN males 26 17.5 
(30.2) 
80.8 
(125) 
137 
(203) 
39.8  
(53.5) 
136 
(206) 
52.8      
(73) 
Fort Albany1 
females 
48 26.3 
(25.1) 
53.4 
(65.5) 
90.3 
(112) 
23.4  
(26.5) 
60.2 
(71.6) 
26.2      
(31.9) 
Fort Albany1 
males 
51 14.3  
(12.9) 
50.4 
(46.4) 
90 
(89.1) 
26.8  
(26.1) 
71 
(74.8) 
27.5       
(27.9) 
Kashechewan1 
females 
48 34.9 
(48.5) 
70.8 
(96.6) 
104 
(141) 
28.4   
(39) 
80.8 
(110) 
34.8      
(44.8) 
Kashechewan1 
males 
50 20.9 
(22) 
83.8 
(84.7) 
134 
(146) 
43.4   
(56.9) 
123 
(158) 
49.4       
(55.7) 
Hamilton1 
females 
27 8.6     
(4.8) 
35.7 
(89.1) 
59.3 
(170) 
26.2   
(100) 
74.7 
(298) 
29.9        
(131) 
Hamilton1 
males 
25 10.2 
(10.8) 
28.6 
(26.8) 
43.9 
(42.3) 
16.7  
(26.8) 
43 
(75.8) 
12.1      
(20.6) 
1 Tsuji et al. (2006) (40) 
Table 6.1.8 PCB concentrations expressed as mean (SD) in blood samples of 
various populations 
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of large quantities of POPs chemicals from the polar ice caps and glaciers as a 
result of global warming (22). 
The impact of environmental contamination is more complex among First 
Nation communities relative to the general Canadian population. The inextricable 
links between the health of people and the health of the environment is recognized 
and respected. In many First Nation communities there is a true or perceived 
deterioration of the environment. It is thought that the displacement of communities 
and contamination of resources greatly contributes to culture stress in First Nations 
(41). This is where measuring chronic stress via the biomarker hair cortisol content 
can inform an important discussion, as it is a measure of cumulative stressors, 
including concerns related to environmental contamination. We found that AttFN 
community members had significantly higher (1.7-fold) hair cortisol concentrations 
than did WIFN members, and both values, in turn were significantly greater than 
those in a reference group who live near London, Ontario. Therefore, members of 
AttFN had both higher levels of a majority of the environmental contaminants 
assayed and of hair cortisol, a biomarker for chronic stress when compared to WIFN 
members. 
Most of the POPs and toxic metals we measured occurred at significantly 
higher concentrations (up to 6-fold) in AttFN volunteers. AttFN has increased short-
term (via blood measurement) and long-term (via hair measurement) exposure of 
Cd, Pb and Tl when compared to WIFN. On the other hand, WIFN has increased 
short-term exposure to Sb, As, Hg and Ni whereas AttFN has increased long-term 
exposure to these same metals except for Hg where no difference was found 
between the communities. 
Also, for practically every POP where a comparison can be made, blood 
serum values at both WIFN and AttFN are higher (often falling into the 95th 
percentile) than of citizens monitored by the CHMS (34) and NHANES surveys (35). 
The higher concentrations of several metals/metalloids in hair and blood of AttFN 
community members (Table 6.1.1 and 6.1.2) begs the question of how much does 
the release of these elements from established mining operations in cities south of 
AttFN including Timmins and Sudbury contribute to these body burdens. In the year 
of sample collection at AttFN (2009), 4 industries in Timmins, ON reported their toxic 
 279	  
metals/metalloids emissions to the National Pollutant Release Inventory (NPRI) of 
Environment Canada. A total of 2,916 kg of As, 1,687 kg of Cd, 23,128 kg of Pb and 
6.32 kg of mercury were released into the atmosphere (42). In Sudbury, 5 industries 
reported their emissions, which totaled 808 kg for As, 1,110 kg for Cd, 5,169 kg for 
Pb and 20.1 kg for Hg (43). 
Of special importance, the hair Hg content of WIFN and AttFN volunteers was 
nearly identical suggesting similar amounts of exposure to methylmercury (MeHg) 
from consumption of traditional food (caught fish). On the other hand, the blood Hg 
content of WIFN volunteers was significantly higher than that of AttFN volunteers 
(Table 6.1.1) and blood Hg levels at WIFN have not decreased significantly since 
monitoring by Health Canada in 1976 ((29); Chapter 5, section 5.1.3.5). These data 
suggest that members of WIFN are regularly being exposed to a species of Hg other 
than MeHg from fish consumption and this is under further investigation. 
WIFN is situated downstream from Sarnia’s Chemical Valley, the site of more 
than 60 industrial facilities (26). More than 400 metric tonnes of Hg was released 
into the St. Clair River during the operation of two chlor-alkali plants that synthesized 
chlorine in the late 1960’s (26). This release of Hg closed down the WIFN fishery, 
altering the WIFN way of life. Although these plants were phased out, extensive Hg 
contamination of the St. Clair River, Lake St. Clair and fish living in these areas 
occurred. The fact blood Hg is a reflection of recent exposures (44) and that 
exposures to most of the other toxic metals/metalloids at AttFN exceeds those at 
WIFN suggest the blood Hg concentrations at WIFN (vs. AttFN, CHMS and 
NHANES) are related to the huge releases of Hg into the St. Clair River.   
Many members of the AttFN community are concerned that contaminants, 
especially Hg, will be released into the environment during operation of the large 
scale Victor Diamond Mine (23), that this release of toxic heavy metals/metalloids 
could dramatically further contaminate their foods and drinking water. Our data are 
intended to establish a baseline for common contaminants at AttFN to which future 
contaminant levels, especially for Hg, can be compared.  
The higher OC pesticide, PCB and toxic metal contamination in blood and 
hair at AttFN (compared to WIFN) appear to be due to both local point sources and 
long-range atmospheric transport from regions where these chemicals were 
 280	  
previously used in high quantities. We also believe that our data will be useful to 
help determine the human bioavailability of the huge amounts of POPs and metals 
that will be released from the polar ice caps and glaciers as a result of climate 
change (22).  
During the Cold War, military radar stations, called the Mid Canada Line (part 
of the DEW line), were built along the west coast of James Bay in Mushkegowuk 
Territory, where AttFN is located. These abandoned sites are considered to be 
significant point sources of many contaminants including PCBs (40). Past studies 
conducted at AttFN have indicated an estimated 200 m3 of soils contaminated with 
PCBs at over 5 ppm, the limit considered ‘hazardous’ for agricultural land use (45-
47). However, it is interesting to note that the sum of PCB congeners occurring in 
serum was not significantly different between the WIFN and AttFN volunteers. 
Compared to serum concentrations of other POPs that are several fold lower at 
WIFN, this is likely to reflect industrial releases of PCB congeners into the St. Clair 
River by large facilities in Chemical Valley, and their bioaccumulation by fish used as 
traditional food. A study by Drouillard et al. (2006) demonstrated that in sediments of 
the Detroit River, the river that connects Lake Erie to Lake St. Clair, the sum of PCB 
congeners is significantly elevated in stations in the U.S. compared to Canadian 
stations suggesting multiple inputs along the upper U.S. portion of the river. The 
threshold effect level (59.8 ng/g dry weight) for PCBs in sediment quality guidelines 
were exceeded in 77.8% of the areas sampled (48). Because the St. Clair River is 
part of the St. Lawrence Sea-Way, its Hg and PCB laden deposits are frequently 
disturbed, contributing to a re-distribution of PCBs and Hg in the WIFN ecosystem.  
The extensive Hg poisoning that is ongoing at two First Nations in Ontario 
(Grassy Narrows and White Dog First Nations) has had many effects on the 
communities besides the physical impacts of Hg, including increases in rates of 
suicide, abuse and alcoholism (49-51). In a study conducted in 2002/2004 a majority 
of members from Grassy Narrows and White Dog First Nations had hair mercury 
content of 2 ppm and 10 ppm, respectively. Although these values are much higher 
than those at WIFN and AttFN (median hair mercury content = 0.230 ppm and 0.180 
ppm), they are much lower than the maximum levels reported at Grassy Narrows 
 281	  
and White Dog in 1970/1973 (during the height of the mercury pollution) of 95.8 and 
198 ppm, respectively (49). 
Despite losing the nutritional benefits a traditional diet provides, the loss of 
this lifestyle threatens the survival of traditional knowledge and the traditional way of 
life. This illustrates the magnitude of importance First Nations communities place in 
the health of their environment and how its deterioration can act as a potential 
stressor. 
The major reasons for higher hair cortisol content in AttFN individuals in 
comparison to WIFN are likely be the remoteness of the community, the harsh 
winters, the huge expense of purchasing goods that have to travel a long distance 
and the tremendous hardships occurring at AttFN that have been featured 
extensively in the news (52). From 2008 to 2011, the community has been in a state 
of emergency 3 times, largely due to issues arising from inadequate housing and 
resulting health and safety concerns. The community has also been plagued with 
many water supply, treatment and distribution challenges, including a 2012 Health 
Canada advisory warning residents to minimize exposure to tap water. Attawapiskat 
residents have also had to be evacuated several times from the community in times 
of flooding or illness, most recently this past November (2013). There has also been 
distress and resultant protests in the community concerning the effects of the nearby 
Victor Diamond Mine, based both on the potential release of environmental 
contaminants as well as the palpable juxtaposition of this billion-dollar project 
alongside the extensive poverty at AttFN. Many of these issues at AttFN threaten 
aspects of survival of members of the community, and this is reflected in the 
increased hair cortisol content there.  
Relatedly, the higher cortisol levels in hair from both WIFN and AttFN 
members compared to the Caucasian reference group who live in a prosperous 
urban-rural area are likely due to the many socio-economic and health discrepancies 
that exist generally between First Nations in Canada and the rest of the general, 
Canadian population including a higher incidence of chronic diseases, such as Type 
2 diabetes (T2D); socio-economic factors, like unemployment; lack of access to 
medical care; racial prejudice; and concerns regarding contamination of drinking 
water and traditional foods (15).  
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The diversity of First Nations and cultures across Canada is vast and First 
Nations must be viewed as distinct groups. Though these variations exist, First 
Nations share a common history and share socio-economic disadvantages. There is 
currently little research on the biological stress response within Aboriginal 
populations, particularly First Nations in Canada. Variation in genetics and 
metabolism may play a role in the differences we observed (AttFN ˃˃ WIFN ˃˃ 
Caucasian reference group). It is important to note that it is very difficult to set a 
reference range for hair cortisol levels and stress since what is normal for one 
individual might not be normal for another. However, the test is sufficiently sensitive 
and specific to define differences based on median concentrations of the populations 
evaluated in this study. Overall, our sample size was relatively small, and socio-
demographic variables such as age and gender were not matched among groups. 
For these reasons, some caution is needed in interpretation of the results although 
the fact that the differences are significant in each case suggests real differences. 
Due to Canadian and U.S. regulations governing synthesis and sales of 
dangerous industrial chemicals, including OC insecticides and PCBs, concentrations 
of many POPs have decreased in the environment and in humans since the early 
1990s to the early 2000s (53-57). Unfortunately, the rate of decline of POPs 
concentrations in the environment has decreased and these persistent chemicals 
are gradually approaching an irreducible concentration (56, 58, 59). Thus, it is 
important to further investigate relationships between current exposures and tissue 
residue levels of these contaminants in humans, and in the environment particularly 
with regard for increased risk for chronic diseases. Based on our data, any 
contribution of POPs to the disease burden in First Nations is likely to be more 
severe in the far north. Of significant note, there is a rapidly growing literature linking 
exposure to some toxic metals and POPs to increased risk for T2D (60-64).  
Possibly relevant to the WIFN and AttFN, there have been studies where 
body burdens of POPs that have been associated with T2D are in the range of the 
values found in these 2 communities. The 2nd and 3rd tertiles of p,p'-DDE content in 
adipose tissue (45.6-155 ng/g per g lipid weight and >155 ng/g lipid weight, 
respectively), an index of exposure, were positively associated with the risk of T2D 
in a population from Spain (OR 3.6 and 4.4, respectively) (65). At the 
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Kitchenuhmaykoosib Inninuwug First Nation in the Sioux Lookout Zone of Northern 
Ontario, Philibert and his colleagues found that self-reported Type 1 and T2D was 
positively associated with blood concentrations of p,p’-DDE in the >75th percentile 
(1,617 ng/g lipid weight; OR 3.56) and PCB 153 (608 ng/g lipid; OR 6.46) (66). A 
study by Lee et al (2011) found a dose-dependent relationship between increasing 
body burdens of selected POPs and T2D after controlling for confounders. The 
maximum PCB 153 and p,p’-DDE serum lipid levels at both WIFN and AttFN fall into 
the >90th percentile of this study which was found to have an OR of 6.8 and 4.3 with 
prevalent T2D, respectively. The maximum serum lipid levels of trans-nonachlor and 
oxychlordane levels at AttFN fall into the >90th percentile of this study with ORs of 
11.8 and 6.5, respectively. Of particular note, the range of values in both 
communities, fall into the ranges of levels of these 4 POPs where there is an 
increased OR of T2D (62). Although we did not adjust for confounders of T2D, the 
fact that the levels of POPs at WIFN and AttFN could be related to T2D should be a 
source of caution. This is particularly important to investigate in the context of First 
Nations as the incidence of T2D in these communities is 3- to 5-fold higher than in 
the general Canadian population (67, 68).  
Overall, our findings suggest for those toxicities and diseases where there is 
a near linear dose-response relationship between concentrations of the complex 
mixtures of metals and POPs that normally occur in the environment, the risks for 
these conditions will be greater in First Nations in the far north (such as members of 
the AttFN) than in the south (members of the WIFN). However, the reality for the risk 
for T2D appears to be much more complex because, in some recent studies, greater 
effects in humans have been associated with lower blood levels of some OC 
pesticides and PCB congeners than with higher exposure levels in the same study 
(69, 70). Clearly, this is an urgent area for further investigation, both in humans and 
with carefully controlled POPs mixtures in experimental animals. 
6.2 Manuscript 7: Henley P, Creed IC, Trick CG, Fedha PT, Koren G, Darnell R 
and Bend, JR. Real vs. Perceived Risk of Pesticide Exposure in Naivasha, 
Kenya. 2014. 
6.2.1 Background 
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Lake Naivasha, the second largest freshwater lake (160 km2) in Kenya, is home to 
one of the oldest and most successful floriculture industries in Africa (71). During the 
1980s the floriculture industry underwent rapid growth around the lake with flower 
farms (FF) now spanning up to 4,000 hectares and employing up to 100,000 people 
(72, 73). This draw for potential employment has created tremendous population 
growth in Naivasha with an increase from approximately 44,000 in 1969 to 400,000 
in 2009 (74, 75). In 2008 there was a total export volume of 84,400 metric tonnes of 
flowers making the floriculture industry the second largest foreign exchange earner 
in Kenya, grossing approximately 40 billion Kenyan Shillings (CDN$425 million) 
annually (73).  
There is a risk of exposure of FF workers and the surrounding community to 
pesticides used in the floriculture industry, particularly organophosphate (OP) and 
carbamate (CM) insecticides. OP and CM pesticides have historic, current and 
future importance in control of vector-borne diseases, in crop protection but also as 
environmental contaminants potentially harmful to human health, particularly in 
Naivasha (76). OPs and CMs are a major toxicological concern as they inhibit the 
enzyme acetylcholinesterase (AchE) in mammals as well as insects. AchE is an 
enzyme that breaks down the neurotransmitter acetylcholine in order to terminate 
synaptic transmission typically in neuromuscular junctions and in cholinergic 
synapses in the central nervous system. When AchE is inhibited there is a build-up 
of acetylcholine, causing interminable muscle contractions and neuromuscular 
paralysis that eventually can lead to death by respiratory distress and cessation in 
very highly exposed individuals (76). The health effects of chronic exposure to OPs 
and CMs have not been fully elucidated however, some studies point to increased 
incidences of sensory ataxia, greater prevalence of upper and lower respiratory 
symptoms and reductions in spirometric measurements, suicidal ideation, 
neuropsychiatric disorders; and other delayed neuropathies with the OPs (77-80).  
Individuals in Naivasha are known to be stressed about their health, 
especially the health of their children and grandchildren, poverty, access to clean 
and safe drinking water as well as to potential adverse health risks resulting from 
exposure to OP and CM pesticides from the floriculture industry (81, 82). There are 
also detrimental effects on health from this “perceived risk” of being exposed to 
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pesticides and other chemicals that can contribute to chronic stress. Cortisol levels 
in hair are increasingly being utilized worldwide as a biomarker of chronic stress, 
including in sub-Saharan African communities (16, 83).  
The aim of this study was to determine which socio-ecological indicators are 
contributing to pesticide exposure and to chronic stress of residents of Naivasha, 
Kenya. We hypothesize that the floriculture industry in Naivasha is a major source of 
both pesticide exposure and chronic stress. 
6.2.2 Methods 
6.2.2.1 Socio-ecological Survey Instrument  
Socio-ecological indicators were assessed in Naivasha using a survey instrument 
that asked questions surrounding demographics, economics, migration, water use 
and gender, general health status, as well as a physical examination including 
measurement of height, weight and blood pressure. Survey development and 
implementation were previously presented in full in Henley at al. 2014 (under review; 
(83); Chapter 4, section 4.2). Briefly, the survey tool was accessed for clarity and 
quality by implementing several focus group discussions and it was also pilot tested 
(N=20) in Kaptembo, Nakuru, Kenya with no issues discovered. Local, trained 
clinicians administered each survey verbally in Kiswahili or English to 800 volunteers 
in Naivasha, Kenya and to 200 volunteers in Mogotio, Kenya. Mogotio was chosen 
as the control population due to its similar climatic and socio-economic conditions to 
Naivasha and its geographic removal (110 km) from the floriculture industry. Each 
participant was provided with a unique code for confidentiality purposes.  
6.2.2.2 Hair and Blood Collection 
Of the 1,000 volunteers who participated in the survey collection, 200 participants 
were randomly selected for collection of hair and blood samples. Each participant 
from the health survey was provided with a new code and we selected the 
individuals to contact by phone with a random number generator (Random.org). Hair 
was collected from the posterior vertex region as close to the scalp as possible, 
while wearing gloves and using scissors that were cleaned and disinfected with 
isopropyl alcohol and dried between each use. After collection, the sample was 
carefully inserted into an envelope, ensuring that the hair was not bent and the 
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envelope was sealed with tape. Hair samples were collected from 108 volunteer 
residents from Naivasha and Mogotio. Hair samples were excluded in the 
subsequent grouped analyses if there was < 8 mg of hair analyzed, if variation 
between duplicates was > 20%, or if the hair cortisol content was > 1,500 ng/g 
(N=14 excluded).  
Concurrently with hair collection, whole blood was collected by a certified 
clinician in BD Vacutainers containing 10.8 mg K2EDTA in order to measure levels 
of AchE by the WHO-approved AChE kit (EQM Research Test-mate ChE 
Cholinesterase Test System Model 400, Cincinnati, OH, U.S.). The blood collection 
area was thoroughly disinfected to prevent contamination. As well, all participants 
washed their hands prior to sample collection to prevent contamination from other 
sources, and their arm at the point of puncture was disinfected prior to blood 
collection. In total, blood samples were collected and analyzed from 194 volunteer 
members from the settlements in Naivasha and Mogotio. Blood samples were 
included in the subsequent grouped analyses only if there was a corresponding hair 
cortisol value for the participant (N=89 included). The number of samples is less 
than 200 because some individuals preferred not to give blood or hair samples. 
6.2.2.3 Hair Cortisol Analysis 
The procedure for analysis of hair for cortisol content is presented in Henley at al. 
2014 / (83); Chapter 4, Section 4.2.2.6.  
6.2.2.4 Blood Analysis for AchE 
Erythrocyte AchE activity was measured within minutes of collection using a 10 µL 
capillary of anti-coagulated fresh blood. The WHO-approved field kit is intended for 
use in the assessment of asymptomatic pesticide poisoning and consists of a 
battery-operated portable AchE testing system that uses the modified Ellman 
method for measuring cholinesterase activity (84). The amount of yellow colour 
produced as a result of the Ellman reaction is measured with a spectrophotometer, 
indicating the activity of cholinesterase present. The Test-mate kit provides a normal 
value of AchE (U/mL) of 4.71.  
6.2.2.5 Statistical Analysis 
 287	  
We evaluated the data in two steps. We used simple statistical analyses to 
determine the difference of means between groups. Normality of the data was tested 
with the D’Agostino and Pearson omnibus normality test (33). If the data was 
normally distributed, differences between groups were evaluated for statistical 
significance at α = 0.05 using Student’s t-test, ANOVA and two-way ANOVA using 
sex and perceived pesticide exposure as the independent variables. The Mann-
Whitney U test and Kruskal Wallis test were used if the data was non-parametric. 
Survey responses not adding up to total participant count indicates incomplete 
survey completion. We used GraphPad Prism 6.0 for these statistical analyses.  
Second, classification and regression tree analysis (CART; (85)) was used to 
classify the profiles of Kenyan participants with regard to perceived pesticide 
exposure, hair cortisol content and % AchE inhibition relative to normal. To conduct 
this analysis, the r package was used, and the code is available upon request. 
Computations were performed on a personal computer. CART is a nonparametric 
test that allows for the identification and classification of several independent 
variables (i.e. the socio-ecological indicators from the survey) involved in the 
classification of a dependent variable (i.e. perceived pesticide exposure, hair cortisol 
or AchE). CART produces binary splits according to the Gini index, an impurity 
measure in each node (85). The independent variables used in the tree are those 
where the split maximizes the predictability of the dependent variable at a specific 
level of the tree. Those that do not predict the dependent variable are not included in 
the tree. The trees produced are composed of a root node that includes the entire 
sample of participants. It is then split into several parent and child nodes, and finally, 
a terminal node when segmentation is no longer possible. 
6.2.2.6 Ethical Approval 
This project was approved by the Research Ethics Board of Western University 
(Review No. 18199E) and the Kenya Medical Research Institute (KEMRI) (Non SSC 
Protocol No. 220). Prior to administering the survey, clinicians completed an 
informed verbal consent process with each survey participant in Kiswahili or English. 
All hair and blood samples were obtained following written receipt of informed 
consent, both in English and in Kiswahili and were coded immediately upon 
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collection. The Chief of Karagita, District Commissioner and the Mayor of Naivasha 
provided strong support for this project.  
6.2.3 Results  
The results of the difference between means tests are presented in Table 6.2.1 and 
Figures 6.2.1 and 6.2.2. Median (IQR) hair cortisol concentrations (ng/g; ppb) among 
the participants from Naivasha vs. Mogotio; among those who work on the FF vs. 
those that do not; and among the different positions at the FF (i.e. sprayer, grader, 
harvester, general and non-FF) were not different from one another (Table 6.2.1). 
The median (IQR) % AchE depression was significantly lower in participants from 
Mogotio than the median (IQR) % AchE depression in participants from Naivasha 
(Table 6.2.1; Student’s t-test; P=0.016). There were no differences in % AchE 
depression between those that work on the FF vs. those that do not, and among the 
different positions at the FF. Respondents from Naivasha; FF workers; and 
harvesters at the FF have more perceived exposure to pesticides than their 
comparative controls, as indicated by responses to the question “Do you think you 
are being affected by pesticides?”. 
There are no differences in the mean (SD) hair cortisol contents by sex and 
by response to the question “Do you think you are being affected by pesticides” 
(two-way ANOVA; P=0.603; Figure 6.2.1). There is significantly lower AchE 
depression in volunteers who responded ‘yes’ to the question ‘do you think you are 
being affected by pesticides’ compared to those who responded ‘no’ (P=0.0359). 
There were no significant differences by sex (P=0.0712), and no significant 
interaction between the two factors (two-way ANOVA; P=0.618; Figure 6.2.2). 
We used the responses to the question from the survey “Do you think you are 
being affected by pesticides?” as the output variable representing perceived 
pesticide exposure in the first regression tree (Figure 6.2.3). The socio-ecological 
indicator that was the primary predictor of perceived pesticide exposure was found 
to be location; people from Naivasha responding ‘yes’ they believe they are being 
affected by pesticides, compared to those from Mogotio who responded ‘no’. It 
appears that the presence of the floriculture industry is creating a fear of pesticide  
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 Median 
(IQR) 
hair 
cortisol 
(ng/g; 
ppb) 
Median 
(IQR) % 
AchE 
depression 
Mean 
(SD) 
perceived 
pesticide 
(1=Yes; 
2=No) 
Naivasha 582 
(988) 
N=66 
83.4 (77.1) 
N=64 
1.46 (0.5) 
N=54 
Mogotio 607 
(1410) 
N=28 
74.1 (71.1) 
N=25 
2.0 (0) 
N=26 
 P=0.0821 P=0.0161,5 P<0.00013 
    
FF 
worker 
567 
(936) 
N=41 
83 (49.7) 
N=39 
1.44 
(0.50) 
N=32 
Non-FF 
worker 
600 
(1,410) 
N=53 
78.5 (85.8) 
N=50 
1.77 
(0.43) 
N=48 
 P=0.2061 P=0.6321 P<0.0043 
    
Sprayer 524 
(481) 
N=8 
89.4 (15.1) 
N=8 
1.5 (0.55) 
N=6 
Grader 694 
(629) 
N=10 
76.2 (36.9) 
N=9 
1.43 
(0.54) 
N=7 
Harvester 646 
(895) 
N=16 
78.3 (45.3) 
N=15 
1.31 
(0.48) 
N=13 
General 
FF 
514 
(421) 
N=7 
75.6 (31.9) 
N=7 
1.67 
(0.52) 
N=6 
Non-FF 600 
(1,410) 
N=53 
78.5 (85.8) 
N=50 
1.77 
(0.43) 
N=48 
 P=0.2782 P=0.2862 P=0.02154 
1 Student’s t-test 
2 ANOVA 
3 Mann-Whitney U test 
4 Kruskal-Wallis test 
5 Bold indicates significance (P<0.05) 
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Table 6.2.1 Differences in median (IQR) hair cortisol (ng/g) and % 
acetylcholinesterase (AchE) depression and mean (SD) perceived pesticide 
exposure at Naivasha vs. Mogotio; flower farm (FF) workers vs. non-FF workers; 
and the different positions at the FF 
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Figure 6.2.1 Mean (SD) Hair Cortisol (ng/g) by sex and by perceived pesticide 
exposure (no differences; two-way ANOVA)
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Figure 6.2.2 Mean (SD) % AchE depression compared to normal by sex and by 
perceived pesticide exposure (significant differences by perceived pesticide 
exposure (‘yes’ vs. ‘no’) P=0.0359; no significant differences by sex P=0.0712; no 
significant interaction P=0.618; two-way ANOVA) 
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Figure 6.2.3 Perceived pesticide exposure (‘yes’ vs. ‘no’) regression tree 
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Figure 6.2.4 Hair cortisol content (ng/g) regression tree (the highest levels are in red, 
and the lowest in green) 
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Figure 6.2.5 Percent acetylcholinesterase (AchE) depression regression tree (least 
amount of inhibition in green, and the most in red) 
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exposure in Naivasha. The next major predictor of perceived pesticide exposure in 
participants from Naivasha was education; participants with lower completed 
education (up to lower primary) responded ‘no’, compared to those who have 
completed more education (up to secondary school) who responded ‘yes’. It is seen 
that education is an important factor for perceived pesticide exposure. When we 
looked further into the regression tree results, we found that the older (age 30+ 
years), longer term (4+ years) participants were mainly harvesters and graders at 
the FF and the younger (age < 30 years), shorter term (<4 years) were mainly 
pesticide sprayers at the FF and both groups believe they are being affected by 
pesticides. 
Using levels of hair cortisol as the output variable, the primary predictor was 
found to be sex with women having higher hair cortisol content (mean (SD) = 679 
ng/g (320)) than men (546 ng/g (224) (Figure 6.2.4). Older women (age 50+ years; 
N=7) have the highest levels of hair cortisol (921 ng/g (348)). Six (of 7) of these 
women do not work on the FF (2 are unemployed, 1 assists in home chores, 1 does 
baby care, 1 housewife and 1 tailor). Men who work at the FF (N=15) have the least 
amount of hair cortisol content (mean (SD) = 442 ng/g (142)). Of these 15 men, 7 
are sprayers on the FF. Men who do not work at the FF (4 unknown, 5 self-
employed, 2 businessmen, 1 landlord and 1 casual labourer; mean hair cortisol = 
666 ng/g (246)) have similar stress levels to middle-aged women who work at the FF 
(670 ng/g (237)) and to young women with less than 2 people in the house (648 ng/g 
(387)). 
We found that the socio-ecological indicator that best predicted % of AchE 
depression relative to normal values in whole blood was sex with women having 
greater inhibition of AchE (78.7% normal activity; 21.3% inhibition) than men (86.4%; 
13.6% inhibition) (Figure 6.2.5). Women, who do not think they are being affected by 
pesticides, who live in a non-permanent, rented house had the most inhibition of 
AchE (69.9%; 30.1% inhibition). Only 1 (of 8) of these women work on FF. Other 
subgroups that had greater than 80% activity (20% inhibition) of AchE when 
compared to normal values include: men, with lower education (up to lower primary) 
where 4 (of 11) work on FF (% AchE depression = 24.7%), women, who do not think 
they are being affected by pesticides, who live in a semi-permanent, rented house  
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and 8 (of 15) work on FF (23.9% inhibition) and women who work on the FF (23.7% 
inhibition). Those with normal AchE (greater than 80% AchE activity) were the 
remaining groups. 
6.2.4 Discussion 
People who live in Naivasha, the hub of Kenya’s floriculture industry, believe they 
their health is being adversely affected by pesticides (Figure 6.2.3). It appears that 
both chronic stress and pesticide exposure are pervasive in Naivasha and not 
restricted to those who work in the floriculture industry (Figures 6.2.4 and 6.2.5). In 
general, those with the most chronic stress (i.e. the highest levels of hair cortisol) 
and most compromised (i.e. highest inhibition of AchE) are those who do not work 
on the FF. In fact, the subgroups with the lowest stress (i.e. lowest hair cortisol) and 
least compromised (i.e. highest AchE; least inhibition) activities are those wherein a 
majority of the participants work on the FF. We tested the perception that 
commercial agriculture is the most important source of pesticide exposure in 
Naivasha and found this not to be true. Similarly, stress was lowest amongst the 
male FF workers, presumably because they have a regular source of income.  Of 
particular note, participants from Mogotio, a settlement removed from the floriculture 
industry (110 km), showed greater inhibition of AchE activity than did participants 
from Naivasha, indicating greater exposure to household and/or agricultural OP and 
CM pesticides in that community. 
An interesting dynamic emerged from our results. It appeared that the fear of 
pesticide exposure (Naivasha FF workers) acted as a protective factor against actual 
pesticide exposure probably because these individuals decided to reduce their 
exposure to domestic pesticides. It was also found that increased education resulted 
in lower pesticide exposure in some subgroups, based on less inhibition of AchE 
activity. The perception of risk was reported in a previous study to be a significant, 
though not the exclusive factor contributing to behavioural responses to chronic 
environmental risks (86). This concern of exposure to pesticides in Naivasha was 
not reflected in hair cortisol content. This is likely due to the fact that there are other 
stressors that more significantly contribute to chronic stress in this region of the 
world. We previously found that income remained a significant determinant of hair 
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cortisol content, after conducting a multiple linear regression with mutual adjustment 
for all factors (age, sex, location, marital status, smoking status, feeling safe, 
assaulted, and BMI) (Henley et al. 2014; (83); Chapter 4, section 4.2.3).  
Women appear to be more vulnerable than men in Naivasha, with sex being 
the major determinant of both hair cortisol content and degree of AchE inhibition 
(Figures 6.2.4 and 6.2.5). Ironically, women are critical to the success of the 
floriculture industry in Naivasha.  Women hold 12% of the jobs in Kenya, but have 
60% of the jobs in the floriculture industry (71, 87).  
There is increased cortisol production during pregnancy and this can also be 
a stressful period in a woman’s life (88-90). Our regression tree analysis did not take 
into account whether the women were pregnant or recently had a baby, which could 
contribute to their hair cortisol levels. Also, hair-washing frequency (91-93) and the 
effect of sweat (94) could be contributing to the higher hair cortisol content in 
women, because women in Kenya have different hair hygiene habits than men.  
However, our previous study supports the application of hair cortisol as a 
biomarker of stress in sub-Saharan Africa (83). Thus, the increased hair cortisol in 
women may reflect the reality of being a woman in a historically patriarchal society 
where women are often responsible for both productive and reproductive roles, as 
well as formal work outside the home, particularly in Naivasha (95). We also found 
that being a woman is a major determinant for inhibition of AchE (Figure 6.2.5), a 
result, which differs from a previous study (96) conducted in Naivasha. In this earlier 
study, neither sex nor age was found to be a significant contributor to AchE inhibition 
This finding that sex is a major determinant of increased pesticide exposure is 
critical to investigate further because maternal exposure to OPs and CMs can 
produce adverse health outcomes, particularly neurotoxic damage, in the developing 
fetus (97-99). This relationship is found even where exposures to pesticides occur at 
levels where there is no apparent adverse health outcome for the mother, creating a 
“silent pandemic” (98-100). 
Work conducted in 1997 by Ohayo-Mitoko and her colleagues (96, 100) 
assessed exposure to pesticides in four communities in Kenya (N=666), including 
one in Naivasha. Inhibition of AchE was used in order to determine the degree of 
exposure to anticholinesterase (OP and CM) pesticides and it was found that of the 
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4 communities, Naivasha had the greatest inhibition of AchE (36%), indicating 
highest exposure. Control of the purchase, use and regulation of pesticides in Kenya 
has advanced significantly since this study was conducted (101). This fact as well as 
changes in the amount of pesticide residue allowed on flowers imported to the 
European Union (EU; (102)) has forced the floriculture industry to follow best 
practices surrounding pesticide use and release into the environment or face risk of 
losing their business. This change in pesticide regulation, both in Kenya and the EU, 
likely reflects why we found no contribution of FF employment to AchE inhibition, 
and greater inhibition of AchE in Mogotio when compared to Naivasha. The 
floriculture industry also provides infrastructure, schools, hospitals and income for 
the residents of Naivasha (72), which almost certainly contributes to our finding of 
lower stress, i.e. lower hair cortisol concentrations, in workers in this industry in 
Naivasha. Migration to Naivasha for potential employment in the floriculture industry 
has caused this region to be composed of mixed tribal communities (there are over 
42 different tribes in Kenya). Mogotio on the other hand is mainly composed of one 
tribal group (Kalenjin). The diversity in tribes between the communities could be a 
source of variation due to both genetics and cultural differences.  
Ohayo-Mitoko et al. (1999) also investigated the influence that factors such as 
protective equipment and personal hygiene have on inhibition of AchE in agricultural 
workers in Kenya (103). In two of the areas studied (not Naivasha) populated by 
subsistence-based farmers, the use of personal protective devices was practically 
non-existent. In Naivasha by contrast, there was widespread use of protective 
devices (e.g. boots, overalls). However, the workers of the large FF were primarily 
studied at Naivasha. Despite this increase in apparent use of protective equipment, 
significant decreases in AchE activity were observed in Naivasha. The authors 
postulated that in Naivasha the AchE inhibition could be due to pesticide-
contaminated protective clothing, or to other unmeasured factors.  It seems 
important to investigate AchE inhibition in the context of use of protective equipment 
by small-scale, subsistence-based farmers in Naivasha, not just FF workers. One 
important study showed that the observed decline in quality of Lake Naivasha can 
be attributed to the pollutants, including pesticides from the small-scale and 
commercial farms in the upper catchment of the lake, not from the FF (72). The 
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application of pesticides in the home, yard and/or small-scale farming are a potential 
source of exposure among both FF workers and non-FF workers (104). In the most 
recent available report of the Pest Control Products Board, an organization of the 
Government of Kenya, the import of pesticides into Kenya in 2006 totalled 7,937 
metric tonnes (101). Despite increasing restrictions on the import of pesticides, this 
is an increase from 1989 when pesticides imports were reported to be 5,476 metric 
tonnes (105). This could also reflect an increase in the reporting of pesticide import. 
Directly opposite from our results, Ohayo-Mitoko (103) also determined there 
is greater AchE inhibition in participants who spray the pesticides at the FF; and that 
out of the 4 areas studied in Kenya, Naivasha used the largest amount of WHO type 
I pesticides (i.e. extremely and highly hazardous ((106)). Our findings almost 
certainly reflect changes in the use patterns of anticholinesterase pesticides at the 
Naivasha FFs since 1999.  
We measured red blood cell (RBC) AchE activity, which is less variable than 
pseudoacetylcholinesterase activity with regard to the influence of individual 
genetics, disease, race and gender (107, 108). Inhibition of RBC AchE mirrors the 
biological effects of OPs in a dose-dependent manner in the central nervous system 
and thus, can be used as a biomarker of effect. AchE inhibition by CMs lasts a 
relatively short time, so it is not a useful marker of chronic exposure to these 
pesticides (76). Inhibition of RBC AchE by OPs can last 3-4 months and so AChE 
activity in RBC can be used to evaluate chronic OP exposure, however interpretation 
of this chronic effect is complicated by acute exposure (76).  
There are many other sources of exposure to OPs than the FF, including in 
and around the home where they are used for killing insect pests, including 
mosquitoes and exposure can occur during normal use and is increased after spills, 
improper overuse or poor storage (109, 110). Residual OPs are present in house 
dust and can be inhaled or absorbed by dermal contact (111). The consumption of 
contaminated foods, particularly fresh produce, or water could be a source of 
exposure (95, 112). Living in close proximity to large scale commercial agriculture 
(FF) for many of the settlement communities in Naivasha could result in exposure 
from drift of pesticides from the farms to residences or by exposure of family 
members to workers with contaminated clothing (112). Exposure through diet and 
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water may not be predominant because OPs were not found in any sample of water, 
sediment, crayfish or black bass from Lake Naivasha in one study (113), nor were 
any found in any sample of Lake Naivasha water or water birds in two very recent 
(2013) studies (114, 115).  
One of the limitations to the use of measurement of RBC AchE as a 
biomarker to OP exposure is that there is significant individual variation (111). 
Interpretation of the measurement of AchE may be limited by this variance, however 
it is seen that there can be small but reliable decreases in RBC AchE levels in 
populations chronically exposed to OPs (96). Measuring levels of RBC AchE is 
widely used in occupational monitoring, mainly of pesticide sprayers, but not in 
general population studies (107). Typically inhibition of AchE is measured in two 
steps, one measurement before potential exposure to pesticides, and one 
afterwards. Inhibition of AchE can also be measured by reference to a normal value, 
which the AchE kit we used provided a value for (116). If a person falls below 20% of 
the normal AchE value, it is likely that they were exposed to an anticholinesterase 
(108). Toxicity begins to appear only in ranges from 40-70% of the normal AchE 
values (108). Levels of AchE have more recently been found to be sensitive to 
several other classes of contaminants including toxic metals, polyaromatic 
hydrocarbons (PAHs) and nanomaterials, suggesting that exposure to these 
substances could contribute to the differences in AchE we have observed (117). It 
will be critical in future studies to use a biomarker that is directly reflective of 
exposure to OPs and CMs, such as measuring OPs, CMs and their metabolites in 
urine in combination with repeated determination of AchE activity (and % inhibition) 
in the same individual. 
6.2.5 Conclusions 
The risk of pesticide exposure in Naivasha, Kenya is of concern to both local and 
international citizens and public health advocates who have pointed fingers at the 
booming floriculture industry as the sources of all ecological and health problems at 
Lake Naivasha (81, 82, 118). We found that residents of Naivasha are very 
concerned about the effects pesticides are having on their health, to the effect that 
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this, in addition to other social-ecological and cultural factors are contributing to 
chronic stress in settlement communities there. 
Contrary to popular belief, we found no evidence for increased occupational 
exposure to OP or CM pesticides (measured as inhibition of RBC AchE activity) in 
FF workers at Naivasha. Indeed, chronic stress (measured by hair cortisol content) 
was lower in FF workers than in others living in Naivasha settlements.  From the 
regression tree analyses we found sex to be a major determinant of both higher 
stress and increased pesticide exposure in Naivasha and Mogotio. This is likely due 
to the cultural and socio-economic conditions that prevail in much of sub-Saharan 
Africa. A higher level of education and awareness in addition to fear of adverse 
health effects from pesticides acted as deterrents or as protective factors to actual 
pesticide exposure.  
In both communities evaluated, we identified specific members who could 
profit from stress management strategies and/or make modifications in risk 
behaviours that may be contributing to poor health outcomes. There are real risks 
from exposures to environmental pesticides, which were designed to be toxic, and 
for which there are documented adverse health outcomes (e.g. altered 
neurodevelopment from exposure to OPs and CMs). However, there are also 
adverse effects on health from the perceived risk of being exposed to chemicals 
which contributes to overall psychosocial stress. By understanding the real, current 
and changing links between exposures to contaminants (through biomonitoring), 
individual community members and their communities can be empowered to make 
changes that will reduce their stress and benefit their health. 
6.3 Recommendations 
• To utilize complementary analyses of pesticide exposure (direct chemical 
analysis of pesticide and its metabolites in blood and urine) in the flower farm 
workers and the general population in Naivasha. 
• To focus and prioritize analysis on vulnerable subpopulations such as women 
and children who are at an increased risk to the adverse health effects from 
pesticide exposure   
• The relationship between stress, socioeconomic status, exposure to 
environmental contaminants and health is critical to investigate 
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• These studies highlight the need for contextual and practical policies and 
interventions 
• It should be determined how satisfied the partners (i.e. the three communities 
and Schulich) were with the process and outcome of the studies, as well as 
establishing effective and appropriate reporting-back procedures 
• The socio-ecological system in which these thee communities reside should 
be defined, as well as the parameters that define and govern the local system 
• Collaborative databases, owned by the communitiy and accessible by all 
members need to be established  
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7.0 SUMMARY AND FUTURE DIRECTIONS 
7.1 Overall Findings and Implications  
We investigated whether exposure to environmental contaminants and chronic 
psychosocial stress are contributing to adverse human health effects and whether 
the relative contribution of each could be determined. The relationship between 
stress and exposures to environmental contaminants was examined in two settings, 
settlement (slum) communities in Kenya and two First Nations in Canada, one, 
Walpole Island First Nation (WIFN), is located close to other major towns and cities, 
the second, Attawapiskat First Nation (AttFN), a remote community on the 
Attawapiskat River near the west coast of James Bay. From our findings, it is 
apparent that members of these three vulnerable populations, one in Kenya and two 
in Canada have both increased exposure to contaminants and increased chronic 
stress when compared to a group of clinicians in Kenya and/or the general Canadian 
population. There are real dangers from exposure to environmental contaminants 
such as the recently documented enhanced risk of Type 2 diabetes (T2D) that is 
associated with POPs (1); the well-known deficits in neurodevelopment due to fetal 
exposure to methylmercury (MeHg) (2); and both acute and chronic, irreversible 
neurotoxicity from exposure to organophosphate (OPs) pesticides (3). However, 
there are also detrimental effects on human health from the chronic stress resulting 
from perceived risk of exposure to environmental pollutants in all three communities 
(4). 
In Chapter 3, a systematic review was performed to evaluate the association 
between environmental exposures to polyhalogenated aromatic hydrocarbons 
(PHAHs) and organochlorine (OC) pesticides, two chemical classes of POPs, and 
the risk for T2D. In a meta-analysis of eligible, published 2,3,7,8-tetrachlorodibenzo-
p-dioxin (TCDD) and T2D studies, an increased odds ratio (OR) was found for 
developing T2D in populations with recurring, occupational-like exposure to TCDD 
compared to a decreased OR for those populations who had one-time large scale 
accidental exposure to TCDD. The application of our modified Naranjo Scale for 
toxicity of environmental contaminants to all 35 studies that met the inclusion criteria 
for this systematic review, showed a possible association between exposure to 
PHAHs or OC pesticides and the prevalence of T2D. Following the precautionary 
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principle in toxicology it seems prudent to us that exposure to PHAHs and OC 
pesticides must be minimized whenever possible because of their enhanced risk for 
T2D, and recent reports (5) that exposures to intermediate doses present higher risk 
than exposure to higher doses. In other words, the dose response is neither linear 
nor log linear; it is described as an inverted U-shaped dose response. 
Cortisol concentrations in hair are increasingly being used as a biomarker for 
chronic stress (6).  Chapter 4 investigated hair cortisol as a biomarker of stress in 
volunteers from WIFN and in several slum settlement communities located near the 
intense floriculture area at Lake Naivasha in Kenya, with an appropriate control 
community. We found increased hair cortisol concentrations among WIFN 
volunteers compared to volunteers from a Caucasian, non-First Nation community, 
indicative of higher levels of chronic stress. Hair cortisol at WIFN correlated 
positively with gender (male), smoking (males) and self-reported diabetes (males 
and females). Based on published work of others (7-9), the causes for this increased 
stress are factors such as poverty, racial discrimination and poor health, due 
amongst other things to access to trained health professionals, and are worthy of 
further evaluation. 
Increased hair cortisol concentrations were also found in volunteers from the 
Kenyan slum settlements regardless of whether or not they were located close to 
flower farms, compared to our reference groups of Caucasian Europeans from 
Canada and of well-educated and employed Kenyan clinical team members, 
consistent with elevated stress.  Hair cortisol concentrations in this setting were also 
significantly higher (P<0.05) in females; divorced volunteers; those who made below 
minimum wage; and those who felt unsafe while collecting water or using shared 
community sanitation facilities. The causes for this increased stress in slum 
settlement communities appear to be very similar to some of those found in First 
Nations, such as poverty and culture (e.g. divorce). These factors are worthy of 
further evaluation. Of importance, we found that hair cortisol content can be used as 
an appropriate biomarker for chronic stress in communities from sub-Saharan Africa, 
and in follow-up investigations to our work.  
In Chapters 5 and 6 we investigated the body burden of several toxic and 
nutritional metals and metalloids, and of POPs in volunteers from WIFN and AttFN. 
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We found no differences in the concentrations of MeHg in hair between volunteers 
from AttFN and WIFN, thus it appears that exposure to Hg via fish consumption is 
similar between the communities. This is interesting because 400 tonnes of mercury 
were released into the St. Clair River upstream of Walpole Island whereas no 
accidental release of huge amounts of Hg has been documented near Attawapiskat. 
We found that volunteers from WIFN have higher blood Hg content when compared 
to AttFN, indicating that WIFN members are being exposed to another form of Hg, 
other than to MeHg by fish consumption. Most toxic metal levels in hair of AttFN 
volunteers are significantly higher than those from WIFN, which likely reflect long-
term, atmospheric exposure to metals, released by large-scale mining operations in 
Timmins and Sudbury, Ontario, south of AttFN. It is unlikely that the Victor Diamond 
Mine located 90 km upstream on the Attawapiskat River from AttFN has had much 
of an impact on the environment yet because it has only opened recently and is not 
yet operating at full scale. Overall, volunteers from AttFN had greater levels of most 
POPs we measured compared to those from WIFN. This is likely due to long-range 
atmospheric transport, where contaminants such as POPs move in a northerly 
direction eventually settling in areas in the far north such as Attawapiskat. Given that 
historical and current exposures to selected POPs are strongly suspected of 
contributing to the increased incidence of T2D, an epidemic in First Nations, and that 
from recent epidemiological studies this relationship is characterized by an inverted 
U-shape dose response, current exposures may well be sufficient to add to the 
disease burden of T2D at both WIFN and AttFN.  
We examined chronic stress (as assessed by hair cortisol concentrations) in 
conjunction with the biomonitoring of environmental contaminants in the two First 
Nations and in the Kenyan population because we were told during the consultations 
before these community-based participatory research (CBPR) studies began that 
members of these three communities are very concerned about adverse health 
effects for them and particularly their children from exposure to contaminants. We 
found that hair cortisol-monitored stress is greater (P<0.05) at AttFN than at WIFN. 
The reasons for increased stress are probably related to living conditions in the 
remote far north in general and at AttFN, where there have been recent well-
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publicized problems with lack of transparency and resources provided by the 
Canadian Government (10, 11).  
We found no evidence for increased occupational exposure to OP or CM 
pesticides (measured as inhibition of red blood cell acetylcholinesterase (RBC AchE) 
activity) in flower farm workers at Naivasha, the hub of the floriculture industry in 
Kenya. There was no difference in hair cortisol content between individuals from the 
Kenyan settlement communities adjacent to large flower farms and individuals living 
in a settlement slum community distant from any large-scale floriculture activity that 
was used as a control group. Those individuals in settlements in Kenya who 
consider their water un-safe had higher hair cortisol content (i.e. are more stressed) 
than those who do not. We found sex to be a major determinant of both higher 
stress and increased pesticide exposure in Naivasha. A higher level of education 
and awareness in addition to fear of adverse health effects from pesticides acted as 
deterrents or as protective factors to actual pesticide exposure. 
7.2 Limitations  
For the T2D/POPs review, as noted in the Tables, some POPs concentrations in 
some studies were corrected for lipid content of blood serum or plasma while others 
did not. The different studies examined different endpoints of diabetes; some were 
Type 1 as well as T2D. Others measured the diagnosis of T2D differently (e.g. self-
report; health records; biological samples; clinical analysis). Some of the studies 
measured exposure to different PHAHs in different ways (e.g. blood sample analysis 
or more recently, adipose tissue analysis; some relied on historical work records to 
estimate/guesstimate POPs exposures in the past). The importance of individual 
chemicals could not readily be discerned from studies with the complex mixtures of 
POPs that occur in the environment, and indeed, the complete POPs content of 
blood was not determined in any of the studies. The Naranjo scale, typically used for 
determining the likelihood of a toxic response to an administered drug, was neither 
used previously nor validated for studies of toxicity resulting from environmental 
contaminant exposures.  
 An interesting relationship was noted between hair cortisol, exposure to TCDD, 
post-traumatic stress disorder (PTSD) and diabetes. PTSD was noted to be a 
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confounder in our evaluation of the relationship between TCDD exposure and 
increased risk for T2D. A study by Trief et al. (12) in a population of American 
Vietnam War veterans found a significant number of diabetes patients with comorbid 
PTSD. Early trauma is reported to result in heightened activity of the hypothalamic-
pituitary-adrenal (HPA) axis, elevated concentrations of corticotrophin-releasing 
hormone, increased adrenocortotropic hormone and raised cortisol production (13). 
The elevation of endogenous glucocorticoids is known to induce insulin resistance 
(14, 15) and this is a possible contributing factor to the increased incidence of T2D in 
the Vietnam War veterans reviewed in our study. 
Overall, a limitation to our biomonitoring studies (e.g. toxic and nutritional 
metals and metalloids, POPs, inhibition of AchE activity and hair cortisol content) in 
all three communities is the relatively small sample size. Also, our subjects were not 
matched for age, sex or obesity (body mass index) with reference groups. This might 
have skewed our results. We resorted to analysis of historical hair samples for our 
Caucasian control group because we could not identify a matched group for WIFN 
community members, except for race, a study limitation. In all studies, the choice of 
the study population (WIFN, AttFN and Naivasha) is pragmatic due to the nature of 
community-based studies. While this allowed us to determine information that was 
important to each community, it could present a source of bias. 
Differences between our biomonitoring data and that published in NHANES 
(16) and CHMS (17) databases might be due to degree of fish consumption or to 
methodological differences for analysis of POPs although the latter does not seem 
likely given that we could discriminate between residue levels in blood from WIFN 
volunteers vs. those from AttFN. 
Of interest, there were no significant differences in hair cortisol content 
between our test population in Kenya (slum settlements of Naivasha adjacent to or 
near huge flower farms) and our control group (Mogotio; 100 km from any large 
flower farm) there. The only difference in hair cortisol levels we noted were between 
the well-educated (recently graduated medical clinicians), employed and relatively 
wealthy members of our clinical sampling team. 
We did not measure hair-washing frequency in either of our hair cortisol 
studies, and this could be a limitation of our findings, particularly in sub-Saharan 
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Africa. The differences in hair structure and growth rate (vs. Caucasians), and hair 
washing/hygiene habits are not well studied in Africa, possibly confounding the 
interpretation of our findings. In the First Nations studies, the control population was 
primarily a group of University students from London and Toronto, not a 
representative sample of the Canadian population. It is important to note that it is 
very difficult to set a reference range for relationships between hair cortisol levels 
and degree of chronic stress because what is normal for one individual (individual 
heterogeneity) might not be normal for another, a factor further complicated by race. 
Genetic differences are expected in both these scenarios; racial and interindividual 
variation.  
There is a large difference in the toxicity of different forms or chemical 
species of arsenic (As), organic As, inorganic arsenate (+5) and arsenite (+3) and 
Hg (e.g. Hg (+0), inorganic mercurous (+1), mercuric (+2) and organic Hg, including 
the highly neurotoxic methylmercury (MeHg)). Thus measuring total As or total Hg, 
rather than the different chemical species of each contaminant is a limitation of our 
study, particularly when attempting to sort out mechanisms of toxicity. Measuring 
and discussing individual chemical contaminant body burdens in blood or hair do not 
provide information on the important role of exposure to complex environmental 
mixtures nor does it accurately discern the average of long-term exposures. Blood 
monitoring gives information only about short-term exposures, and hair for a few 
months at least.   
For example, it is very difficult to determine the adverse health risk from 
exposure to a single PCB congener or a mixture of PCBs in isolation due to the 
presence of other persistent toxic chemicals in the environment and body tissues 
including the OC pesticides and inorganic and organic forms of metals, such as 
MeHg. Environmental exposures are always to complex mixtures of chemicals, a 
distinction from occupational exposures and a real confounder in determining the 
detrimental health effects of individual environmental contaminants. Utilizing a one-
time measure of inhibition of AchE activity for chronic pesticide exposure is a 
limitation to our study in Naivasha. There is inter- and intra- individual and seasonal 
variation in baseline AchE activity and comparing our one-time measure with the 
single normal value for all provided with the WHO-approved AchE testing kit at best 
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reflects recent, acute exposures to OC and CM pesticides in population-based 
studies. 
The conclusions from our studies at Walpole Island and Attawapiskat First 
Nations are not general to all First Nations in Canada. The cultural and genetic 
diversity of members of First Nations across Canada is vast and First Nations must 
be viewed as distinct groups. This is similar to the slum settlement communities we 
studied in sub-Saharan Africa, as most individuals in Kenya identify with a tribe (over 
40 in Kenya) each with diverse cultural and traditional behaviours. Due to migration 
for employment, Naivasha is a community of many mixed tribes, and this could well 
be contributing to increased stress levels in this region, given the cross tribe brutality 
at and near Naivasha that followed the 2007/08 election in Kenya (18, 19). 
7.3 Future Directions   
7.3.1 Ecosystem Health 
It will be important to continue follow-up research with these three communities, and 
to use the Ecosystem Health approach to investigate and address health concerns. 
As CBPR is fundamental to the Ecosystem Health approach, it should be 
determined whether all partners in our studies were satisfied with how the project 
was carried out in order to provide information on what changes could be made for 
future CBPR studies. CBPR is critical to the success of future human health studies 
at the community level and thus it will be important to determine how to improve the 
effectiveness of the community-Schulich partnership in order to most successfully 
address community concerns. Continuing to involve stakeholders and communities 
in Ecosystem Health projects is critical. It is especially important to identify and 
include vulnerable subgroups, which frequently are excluded. As such, learning from 
the appropriate stakeholders and community wise people/Elders/Mzees will continue 
to build credibility and legitimacy with the community and allow novel and 
sustainable ideas and solutions to emerge.  
From an Ecosystem Health perspective it will be important to define the socio-
ecological system in which these communities reside. The factors contributing to 
health outcomes are complex, with many modifying and interacting forces. What are 
these contributors and what are the parameters that define and govern the local 
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system? Similar to our study of baseline biomonitoring work at WIFN, AttFN and in 
Naivasha, collaborative databases need to be established in order to effectively 
investigate and tackle the diverse factors contributing to Ecosystem Health. These 
databases must be owned by and open to all community members from whom the 
data emerged. Effective communication and reporting back protocols need to be 
developed and agreed upon in advance in order to explicate and disseminate the 
findings to all interested members of the communities. This has begun with some 
success at WIFN, however, more work is needed in Naivasha to disseminate the 
results and particularly at AttFN where much time must be spent to develop a 
functioning partnership. This could contribute to improving the health of the 
members of the communities and ensure retention of participants for future studies. 
However, an ethical dilemma arises with regards to reporting back of exposure 
results where there is an uncertainty or an unknown regarding potential adverse 
health effects. Whether the totality of the data should be reported back, and at what 
level (individual or community-wide) needs to be carefully considered with a decision 
made in partnership with the local government, for example the Chief and Council. 
The nature of our studies provides an excellent opportunity to explore the 
correlates between a cultural examination and a scientific outcome. While it is 
important to collect data on exposure to contaminants, this will lead to a skewed 
understanding of the local context. Investigating the cultural behaviours and attitudes 
that may be contributing to a community’s interest in these Ecosystem Health 
problem is crucial for the successful introduction, implementation and continuance of 
practical, applicable and sustainable solutions. It will be necessary to examine 
whether any interventions (e.g. the fish consumption diet/MeHg exposure 
information we provided to some female volunteers of child-bearing age at WIFN if 
they are considering subsequent pregnancies) implemented are embraced 
throughout the community or whether they are deemed ineffective and result in 
failure of the research to deliver a positive outcome. Of note, considering local 
practices that have sought to minimize exposure to contaminants are of critical 
importance. Local efforts to do so cannot be undermined but rather, will be essential 
sources of knowledge critical to the success of any CBPR project.  
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7.3.2 Biomonitoring 
Although levels of most POPs and other contaminants in humans and the 
environment appear to be decreasing over time and in many contexts, this does not 
indicate that biomonitoring should cease to occur (20). Most current populations 
have experienced contaminant exposure throughout their lifetime, some at elevated 
levels. With potential implications of climate change and a changing environmental 
landscape, it is important to have baseline biomonitoring values of environmental 
contaminants and chronic stress as a baseline for future comparison. Biomonitoring 
programs of representative populations should continue in the three communities we 
have studied, in order to monitor changes and identify vulnerable populations, 
especially as more information about mechanism and dose-response become 
available for T2D, as a specific example.  
Future biomonitoring studies should collect information on individual socio-
economic and socio-cultural factors (e.g. age, sex, income, marital status, education, 
perceived stress, geographic location, water, food) that may influence stress, or 
body burdens of environmental contaminants in order to integrate these findings with 
the biological measures. Clinical diagnosis should be included wherever possible. 
For example, our research partners at Walpole Island can now partner in more 
detailed investigations because of the return of one of our original collaborators, 
Judy Peters, MD to function as a clinician at Walpole Island. Judy spent the last 
seven years completing her MD, Family Medicine specialist and research training. 
There is an important relationship between mother and developing child with regards 
to both the environmental contaminants we discussed, as well as chronic stress. 
Maternal exposure to contaminants and to stress is known to impact the developing 
child and can cause adverse effects on mother and child (2, 3, 21, 22). It is critical 
that these vulnerable subpopulations be the focus of continued biomonitoring work, 
especially the very young that are most vulnerable to chemical toxins.  
Shifting the population of exposure, rather than targeting those at the highest 
levels of exposure may be the best way to reduce the burden of disease. This is 
particularly true with regards to adverse health outcomes because exposure to 
POPs is less responsive to individual modification than traditional risk factors such 
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as smoking or exercise. Many of these contaminants not only impact the local 
population where they are released, but also can impact the global population 
through long-range atmospheric transport and the exportation/importation of 
foodstuffs. It would be ideal if a global consensus and action plan could be 
implemented through the World Health Organization (WHO) to continue to reduce 
exposures to environmental contaminants worldwide, regardless of poverty level.  
7.3.3 Type 2 Diabetes and POPs 
In line with multiple recent literature reports, the effect of simultaneous exposure to 
several contaminants (including contaminants other than POPs, such as As) as well 
as the impacts of low dose and persistency of exposures that may be contributing to 
the health effects must be investigated (5, 23). The window of exposure (timing, 
duration and mixture) of the various contaminants may be critical in the context of 
the development of adverse health outcomes. A meta-analysis focusing on the most 
common POPs that have been investigated with regard to T2D would be timely. 
The role that genetics and epigenetics play in the relationship between 
exposure to POPs and incidence of T2D, particularly in the context of 3- to 5-fold 
higher incidence in First Nations communities, needs to be investigated. Epigenetics 
is likely to play a significant role in the link between environment, genes and disease 
susceptibility including the interaction between POPs and the risk for T2D. It will be 
important in future studies to determine whether environmentally induced epigenetic 
changes are causative factors in T2D development and to determine the link 
between timing of exposure with risk of disease onset and progression. It will also be 
key to determine the role of DNA methylation and histone modification in the 
pathogenesis of T2D, whether any of these changes that are pathological are being 
inherited by future generations and whether they are reversible and thus subject to 
pharmacological intervention.  
Of note, there are an increasing number of studies that demonstrate the link 
between in utero environmental exposures, such as parental diet and chemical 
exposure, with subsequent health outcomes in offspring with altered fetal DNA 
methylation patterns (24-28), again highlighting the need to focus on vulnerable 
populations. 
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7.3.4 Hair Cortisol 
The contribution that hair hygiene habits contribute to assayed levels of cortisol in 
hair needs to be elucidated, particularly with non-Caucasian, African hair. It will be 
important in future studies to determine if frequency of hair washing and its ability to 
remove sweat from the hair are a confounder of hair cortisol content analysis to 
measure chronic stress. In order to validate the use of hair cortisol as an appropriate 
biomarker of stress in non-Caucasians, an intervention study should occur. The 
measurement of hair cortisol before and after an intervention to decrease a known 
contributor to chronic stress (e.g. income) may shed light on the utilization of hair 
cortisol in this context. The hair cortisol values we measured in these three 
communities can be used as a baseline in order to monitor interventions through 
strategies that strengthen resilience and coping.  
For future studies, it will be important to determine an appropriate reference 
range for hair cortisol values. Streamlining analytical methods between different hair 
cortisol groups would be important in order for comparisons to occur between 
studies. Most groups measuring cortisol content in hair use immunoassays, however 
recent attention has been drawn to utilizing liquid chromatography–mass 
spectrometry (LC-MS/MS). The latter technology has markedly increased sensitivity 
and specificity compared to immunoassays where results from the same procedures 
and reagents can vary from laboratory to laboratory. The limitation of LC-MS/MS is 
its expense. 
We found increased chronic stress in a First Nation community (compared to 
a non First Nation community); in a remote First Nation (compared to one located 
near amenities); in participants who live in slums (compared to Caucasians in 
Canada, and well-educated, employed Kenyans) in women (compared to men, in a 
historically patriarchal society); in divorcees in Kenya (compared to those who are 
single, married or widowed); in participants who made below minimum wage in 
Kenya (compared to those who made more) and in Kenyan participants who feel 
unsafe collecting water or going to the bathroom. From our studies, it is apparent 
that socio-economic (e.g. income, living conditions), geographic (e.g. remoteness) 
and cultural factors (e.g. marital status, gender) can act as stressors. It will be 
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important to elucidate how much these factors contribute to chronic stress. How 
stress and the perception of stress impacts different people in different ways should 
be clarified. Hair cortisol research could play a key role in the study of diseases 
where there are shifts in HPA axis activity, or co-morbidity with another disease that 
also alters HPA axis activity.  
7.3.5 Environmental Contaminants 
Continued monitoring and habit change is needed to try to bring levels of 
environmental contaminants at WIFN and AttFN to Canadian averages. This will be 
tremendously difficult to achieve given that poverty selects for fat rich, obesogenic 
diets.  
The release of huge amounts of Hg into the WIFN environment, the fetal toxic 
effects of MeHg and its neurotoxic role in other adverse health outcomes have 
substantiated the concerns of WIFN members regarding the potential effects of this 
pollutant on health, justifying continued periodical environmental analysis and 
human biomonitoring. Analyses of muscle from traditional fish and game caught 
locally at WIFN indicate that this is an ongoing source of exposure to Hg, including 
MeHg. Based on the levels of contaminants we found in traditional foods, local 
guidelines of fish and game consumption should be developed at WIFN for both the 
general population, but even more so for members of vulnerable subgroups such as 
pregnant women, neonates and young children. 
Due to the emerging concern regarding the association of exposure to several 
POPs with increased risk for T2D, our results are a source of caution due to the 
epidemic of T2D in First Nations communities in Canada. This is particularly critical 
at AttFN where body burdens of POPs are higher. However, the reality for the risk 
for T2D appears to be much more complex because, in some recent studies, greater 
effects in humans have been associated with lower blood levels of some OC 
pesticides and PCB congeners than with higher exposure levels in the same study. 
Clearly, this is an urgent area for further investigation, both in humans and with 
carefully controlled POPs mixtures in experimental animals. If the molecular 
mechanisms for POPs-mediated T2D are comparable for humans and mice or rats, 
chronic dose-response animal studies is the best way to resolve the complexity in 
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interpretation of environmental exposure studies with humans and POPs, and the 
risk for T2D.  
Relatedly, due to global exposure to low levels of As, the reported relationship 
between As in drinking water and T2D incidence (29-31), the recent report that As at 
relatively low concentrations in blood and hair is associated with gestational diabetes 
(32) and the growing T2D epidemic, further evaluation of the As-T2D link must be a 
public health priority. High quality prospective epidemiological designs with 
appropriate biomarkers of As exposure and T2D are required in addition to carefully 
designed studies in experimental animals to evaluate the impact of both low and 
high level As exposure, As speciation and risk of T2D.  
Speciation studies of As and Hg, particularly at WIFN are a logical follow-up 
to this work. As mentioned in Chapter 1 different chemical species of As and Hg 
have different toxicities, and are also present in different concentrations in different 
components (i.e. air, water and foodstuffs) of the environment. Determining the 
species of As and Hg that are present at WIFN in blood, food and drinking water will 
inform a better discussion of the potential health risks of exposure to As and Hg, as 
well as to the quantitatively important routes and sources of exposure. It would be 
valuable to ‘track’ the different species of these contaminants through the 
environment using the conceptual, pragmatic application of the Actor Network 
Theory (ANT) (33, 34). ANT focuses on inanimate objects and their effect on social 
processes and is useful when investigating relationships in which boundaries are 
blurred between human and non-human agents (such as contaminants and the 
environment). An ANT perspective views the world as made up of networks in which 
objects have an important role in social relations where things (i.e. actants) are what 
they are depending on the context in which they are embedded. This project could 
also contribute to the discussion of real vs. perceived risk of exposure to 
contaminants, investigating the contribution chronic stress has as an actant in a 
system. The ability to investigate human and non-human actors as active agents in 
relation to one another will be helpful when dealing with the environment, biology 
and the human body (i.e. nature-cultures).  
The underlying mechanisms for the toxicity of environmental contaminants 
need to be clearly and unequivocally elucidated. Many of the environmental 
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contaminants including POPs and toxic metals contribute to increased oxidative 
stress, by altering antioxidant defenses or accumulating reactive oxygen species. 
The cumulative impact these compounds have on oxidative stress and how this can 
impact adverse health outcomes is an important topic for investigation in health and 
disease. As mentioned, epigenetics is considered to be an important potential 
mechanism for environmental contaminant toxicity, particularly in relation to its 
apparent transgenerational impacts. More studies, both animal and human, are 
needed to document the involvement of epigenetics in the adverse health effects of 
environmental contaminants. Many of the laboratory studies that examine these 
environmental contaminants are conducted at very high doses to elicit a response, 
and thus extrapolating these to environmental and even occupational settings is 
difficult if not impossible.  
From our findings it will be important to further study exposure to pesticides in 
the flower farm workers and the general population in Naivasha, using analyses that 
will accurately represent exposure, particularly critical when attempting to establish a 
link between exposure and adverse health effects within a population with many 
members convinced they are being poisoned by an industry. It will be critical to use 
a biomarker such as AchE inhibition in combination with direct chemical analysis of 
pesticide (if chemically stable) and its metabolites (if rapidly biotransformed). Thus, 
direct qualitative and quantitative measurement of OPs, CMs and/or their 
metabolites in urine and blood in combination with repeated determination of RBC 
AchE activity to evaluate degree of inhibition at the individual rather than population 
level is needed. Children in Naivasha are particularly vulnerable to the potential of 
adverse health effects from exposure to pesticides and such analyses should be a 
priority for them. 
7.3.6 Real vs. Perceived Exposure to Environmental Contaminants 
The complexity of the relationship between exposure to environmental contaminants 
and adverse health effects can also be influenced by chronic stress. The interplay of 
these factors could be contributing to the health disparities that are seen in the 
communities of our study. The Institute of Medicine (IOM) has described this 
combination and possible interaction of increased environmental contaminant 
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exposure and chronic stress as a form of “double jeopardy” (35). The locations of 
these communities, which could include the three of current study, have also been 
termed “geographies of exposure” (36) or “riskscapes” (37). Communities of lower 
socio-economic status (SES) often face a higher frequency and greater magnitude 
of exposure to environmental contaminants as well as to stress (35, 38).  A study by 
Gee et al. (2004) suggests that stress may increase vulnerability to environmental 
hazards, and that this may be the factor that links social conditions, environmental 
contaminant exposure and health disparities in disadvantaged communities (39). 
Stress may compromise host resistance, for example by decreased immunity and 
compromised defense systems such that environmental contaminants could cause 
greater damage with stress, or have adverse health effects at relatively lower doses 
than expected. Gordon et al. (2003) determined that chronic stress might increase 
respiration, consumption of food or perspiration thus increasing the absorption of 
environmental contaminants into the body (40). Stress hormones may also shift the 
threshold for toxicity (41). An enhanced allostatic load could be a physiological 
mediator for the increased susceptibility of vulnerable communities who are 
chronically stressed to the toxic effects of environmental contaminants (37). 
Traditionally, stress and SES are measured in one study, and exposure to 
environmental contaminants in another. How these factors influence and shape 
health in an integrated fashion would be critical to investigate, and is a natural area 
for study using a multi-disciplinary Ecosystem Health approach. This potential 
relationship between exposure to environmental contaminants and chronic stress, 
particularly in vulnerable communities, indicates the need for context-specific and 
practical approaches to developing and implementing preventative policies and 
interventions. 
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